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Abstract 

The existing knowledge on the use of alloying additives in the zinc bath was analyzed. The appropriate content 

of alloying additives in the bath affects the quality of the coatings and also optimizes the consumption of zinc. 

Al and Ni are currently used as standard bath alloying additives. Zinc baths also contain Pb, Bi and Sn, 

interchangeably used, as standard. These metals improve the fluidity of liquid zinc, which results in a beneficial 

reduction of zinc consumption and improves the appearance of the coating. However, the presence of Pb in 

the bath should be limited due to its toxicity, while Bi and Sn increase the risk of liquid metal embrittlement 

(LME). These metals can also contribute to lowering the corrosion resistance of coatings. An alternative to the 

currently used baths containing Pb, Bi or Sn can be a bath containing only the addition of AlNi. The article 

specifies the optimal concentration of Al and Ni addition for the bath. The synergistic effect of AlNi addition on 

the kinetics of coatings growth in the temperature range of 440 - 460 °C was determined. The microstructure 

was disclosed and the chemical composition in the micro-areas of the coatings on low-silicon steel and on 

steel from the Sandelin range was determined. It was found that the synergistic effect of the optimal AlNi 

additive content allows to obtain coatings with the correct appearance and thickness meeting the requirements 

of EN ISO 1461. The AlNi content effectively reduces the reactivity of Sandelin’s steel. The coatings obtained 

in the bath containing only the AlNi additive have a similar structure and thickness to the coatings obtained in 

the alternative baths containing Pb, Bi or Sn. 

Keywords: Hot-dip galvanizing, zinc coatings, alloying additives 

1. INTRODUCTION 

The hot-dip galvanizing technology is currently one of the basic methods of protecting steel against corrosion. 

Its development is focused on the search for possibilities of improving the quality of the coating and reducing 

the consumption of zinc. This goal is achieved by the appropriate selection of alloying additives for the 

galvanizing bath, the synergistic effect of which allows to reduce the amount of zinc ashes, the reactivity of 

steel and improve the processability of the bath. The standard bath contains Al, Ni and a group of metals that 

improve the fluidity of the zinc bath: Pb, Bi and Sn [1]. The addition of Al protects the surface of the zinc bath 

against excessive oxidation, which significantly reduces the amount of zinc ashes. Already at the content of 

0.005 wt% Al, a barrier layer of Al2O3 is formed on the surface of the bath, which protects it against further 

oxidation [2]. Currently, the addition of Al is used as a standard, which contributes to the reduction of zinc 

consumption. The addition of Ni allows to limit the reactivity of the steel caused by the Si content in the Sandelin 

range. Nickel effective interaction in the bath is achieved by keeping its content from 0.04 up to 0.06 wt% [3]. 

Lead, bismuth and tin are a third group of alloying additives that are used interchangeably to improve the 

fluidity of liquid zinc. Lead lowers the surface tension of liquid zinc and improves the fluidity of the bath. The 

zinc bath has the best fluidity with the Pb content in the range of 0.4-0.5 wt% [4]. Addition of 0.1 wt% Bi gives 

a similar intensity of liquid zinc flowing from the surface as approx. 1 wt% Pb [5], which means that its required 
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content in the bath is almost 10 times lower. Often a supplement to bismuth is the addition of Sn, which also 

improves the castability of zinc [6]. Additions of Pb, Bi and Sn, in addition to having a beneficial effect on the 

course of the galvanizing process, also have an unfavorable effect. Lead is harmful to both human health and 

the environment. In the EU and the USA, its use as an alloying additive in a zinc bath is in many cases limited 

[7]. An alternative to the addition of lead is bismuth and tin which are not harmful to the environment. It was 

found, however, that Bi [8] and Sn [9] may contribute to cracking of the structure during galvanization as a 

result of the phenomenon of liquid metal embrittlement (LME). The German Directive DASt-Richtlinie 022 [10], 

which is applied in many countries, limits the content of Bi and Sn in the bath when galvanizing responsible 

building structures. Recent studies also show that the presence of Pb, Bi and Sn in the bath can reduce the 

corrosion resistance of coatings [11-13]. The article presents the results of research on the growth kinetics and 

structure of coatings obtained on low-silicon steel and Sandelin's steel in a bath with optimal Al and Ni content 

without the addition of the traditionally used Pb, Bi and Sn additives. A zinc bath containing only Al and Ni 

additives, although it is not used on an industrial scale, is currently an alternative to eliminate the undesirable 

effects of Pb, Bi and Sn additives. 

2. MATERIALS AND METHODOLOGY 

Steels with a content of 0.01 wt% Si (low-silicon) and 0.04 wt% Si (Sandelin) were the substrate materials for 

the tests. The content of P in this steel did not exceed 0.02 wt% which minimizes the influence of this element 

on the course of the reaction between Fe and Zn. The chemical composition of the steels and galvanizing bath 

is presented in Table 1. The galvanizing bath was prepared from electrolytic zinc (99.99 %). Al and Ni were 

introduced in the form of ZnAl4 and ZnNi0.5 mortars. The content of Al and Ni was maintained during the 

research at the level considered to be optimal. Before starting the tests, Fe was dissolved in the bath until it 

was saturated. The steel samples were galvanized at temperature: 440, 450 and 460 °C with the immersion 

time of 60, 150, 300 and 600 s. Before immersion in the zinc bath, samples were degreasing, etching and 

fluxing. After removal from the bath, samples were cooled in air. In order to determine the structure of the 

coatings, metallographic tests were carried out on the GX51 light microscope (Olympus) together with the 

analySIS software allowing for image recording. The thicknesses of the coatings were determined using a 

DeFelsko PosiTector 6000 inductive-magnetic meter. To determine the chemical composition of the coatings, 

the EDS X-ray spectral analysis was performed. The tests were carried out on a Hitachi S-4200 scanning 

electron microscope with a microanalyzer, using the Voyager 3100 software from Noram Instruments. 

Table 1 Chemical composition of steel and bath for galvanizing 

Steel grade 
Content (wt%) 

C Si Mn S P Fe and other 

Low-silicon 0.018 0.012 0.366 0.009 0.007 residue 

Sandelin 0.072 0.043 0.639 0.014 0.011 residue 

Bath for 
galvanizing 

Al Fe Ni Pb Sn Bi Zn and other 

0.007 0.031 0.051 0.0011 0.0007 0.0001 residue 

3. RESULTS OF RESEARCH 

The average total thickness of the Zn-AlNi coatings depending on the immersion time is shown in Figure 1. 

Analyzing the influence of the immersion time on the thickness of the coatings obtained in the temperature 

range of 440 - 460 °C (Figure 1a), it can be concluded that on low-silicon steel with the extension of the 

immersion time in the bath, the increase in the thickness of the coating is slower and slower. The same coating 

growth can be observed on steel from the Sandelin range (Figure 1b). It can also be observed that an increase 

in temperature contributes to an increase in the thickness of the coating. However, the nature of the growth 
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curve, the course of which is parabolic, does not change. Obtaining such a course of the growth curve is 

particularly important for Sandelin’s steel, where the coating growth is very rapid and has a linear course [14]. 

In the tested Zn-AlNi bath, the addition of Ni [15] to the bath made it possible to eliminate the Sandelin effect. 

On low-silicon steel, the obtained coating thicknesses are comparable to the thickness of the coatings obtained 

in alternative baths containing Pb, Bi and Sn. In the tested Zn-AlNi bath at the temperature of 450 °C and 

immersion time of 150 s, a coating of 51.01-1.79 µm on low-silicon steel and 48.20-1.82 µm on Sandelin's 

steel was obtained. For comparison, at the same temperature and immersion time of 180 s the average 

thickness of the coatings on low-silicon steel was 53.69 µm in the Zn-AlNiPb bath [11], 51.09 µm in the Zn-

AlNiBi bath [12] and 54.45 µm in Zn-AlNiBiSn bath [13]. In the tested Zn-AlNi bath, it is possible to obtain 

coatings with a thickness meeting the requirements of EN ISO 1461 on low-silicon steel and Sandelin’s steel. 

The cross-sectional appearance of the coating obtained at 440 °C on low silicon steel is typical. The coating 

shows a layered system of phases, from the steel substrate of the δ 1 phase layer with a compact structure and 

the ζ layer with characteristic crystallites entering the outer layer of the coating and the solution of iron in  

zinc - η (Figure 2). The outer layer is a zinc alloy layer containing dissolved iron. Along with the extension of 

the immersion time, a clear increase in the thickness of the δ 1 phase layer is observed. On the other hand, 

the increase in the bath temperature causes a marked decrease in the thickness of the ζ phase layer and the 

increase in the thickness of the δ1 phase layer. The ζ phase layer is in direct contact with the liquid zinc. Under 

such conditions, its growth is determined by the reactive diffusion of iron and zinc, but also by dissolution in 

liquid zinc [16]. The decrease in the thickness of the ζ phase layer may therefore indicate an increase in the 

speed of dissolution processes at higher temperatures and their dominance over the processes of diffusive 

growth of this phase. 

a) b) 

Figure 1 Kinetics of coatings growth obtained on: a) low-silicon and b) Sandelin’s steel (Zn-AlNi bath) 

 

Figure 2 Structure of coatings obtained in Zn-AlNi bath on low-silicon steel 
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A similar layer structure is demonstrated by coating obtained in the Zn-AlNi bath on Sandelin’s steel (Figure 3). 

The structure of the coating obtained on Sandelin’s steel is not the typical structure that is formed on steels 

with silicon content corresponding to the Sandelin range. In this range of silicon concentration, it should be 

expected a coating with a significantly expanded diffusion layer. As a result of the intensifying influence of Si, 

the ζ phase increases with a simultaneous decrease in the thickness of the δ1 phase [6]. Analyzing the structure 

of the obtained coating, it can be concluded that the growth of Fe-Zn intermetallic phases in the diffusion layer 

is identical to that of low-silicon steel. However, the ζ phase layer on Sandelin’s steel shows a different 

morphology compared to the coating on low silicon steel. Its structure is more columnar and, especially at 

higher temperature and longer immersion time, it lacks a compact zone, and the oblong crystals are located 

directly on the δ1 phase layer (see Figure 3b, 600s). 

 

Figure 3 The structure of the coatings obtained in the Zn-AlNi bath on Sandelin’s steel 

 

 

Figure 4 Microstructure of the Zn-AlNi coating on low-silicon steel: a) outer layer, b) diffusion layer; on 

Sandelin’s steel: c) outer layer, d) diffusion layer; temperature 450 °C, immersion time 600 s 

Chemical composition tests were carried out in the characteristic micro-areas of the obtained coatings. The 

image of the coating obtained on low-silicon steel is shown in Figures 4a, b. The percentages of the analyzed 

elements in these areas are given in Table 2. EDS analysis showed that the composition of coating outer layer 

mainly contains Zn (point 1). A small amount of iron was found in the outer layer. A zinc bath always contains 

dissolved iron, the content of which can reach a saturation level of 0.03 wt% at 450 °C [17]. The outer layer is 

thus a solid solution of Fe in Zn η [16]. The analysis of chemical composition in selected areas of the diffusion 

layer indicates the presence of more iron in it. The chemical composition of point 2 may correspond to phase 

ζ and point 3 to phase δ1. At the border with the substrate, a thin, uneven layer with a high Fe content can be 
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observed. Two areas with different Fe content can be distinguished in this zone. The chemical composition of 

the light area (point 4) may correspond to Γ1 phase, and the dark area (point 5) to Γ phase. The microstructure 

of coating obtained on the Sandelin’s steel is shown in Figures 4c, d. EDS analysis shows that the outer layer 

of the coating contains mainly Zn as well as approx. 0.1 wt% Fe (Table 2, point 6). This confirms the presence 

of a solid solution of Fe in Zn η in this region. The remaining points of the analysis are similar to the analysis 

obtained on low-silicon steel. On Sandelin’s steel, the presence of areas at the border with the ground was 

also found, the chemical composition of which may correspond to the phases Γ1 (point 9) and Γ (point 10). 

The coatings obtained in the Zn-AlNi bath show a typical layered structure formed by phases of Fe-Zn system. 

No components containing Al and Ni, which are alloying additives to the zinc bath, were found in the coating. 

Coatings of a similar structure are obtained in the case of the Pb, Bi and Sn, additives commonly used in the 

zinc bath. However, all these metals show limited solubility both in Zn and in the intermetallic phases of Fe-Zn 

system. According to Zn-Pb equilibrium system [18], lead is not soluble in solid zinc. Also, Bi-Zn equilibrium 

system [19,20] indicates the lack of solubility of Bi in Zn and Zn in Bi, and the Sn-Zn equilibrium system [21,22] 

shows the lack of solubility of Sn in Zn. The effect of such behavior is the formation of Pb [11], Bi [12] and Sn 

[23] precipitates, mainly in the coating outer layer and on the coating surface. Especially when bath contains 

the combined addition of Bi and Sn, intense precipitation of these metals is observed on the coating surface 

[13]. The precipitates have a two-phase structure of the SnBi alloy as the solubility of Bi in Sn is limited to 1.7 

wt% [24], while tin does not form a solution with Bi in the solid state at all [25]. The available literature does 

not clearly confirm the lack of solubility of Pb, Bi and Sn in the intermetallic phases of Fe-Zn system. However, 

the studies conducted so far have not shown the presence of these metals in the intermetallic phases of Fe-

Zn system [11-13]. These metals are released mainly in the area of the intermetallic phase ζ, which shows the 

greatest heterogeneity in structure. The presence of Pb, Bi, Sn and BiSn precipitates does not affect the 

coating layered structure; the morphology and phase composition are similar to those obtained in Zn-AlNi bath 

tested. However, the presence of Pb, Bi, Sn or BiSn alloy precipitates changes the electrochemical system 

between the structural components of the coating. This is of great importance for the corrosive action as Pb, 

Bi as well as Sn are more cathodic to Zn (Zn E°(Pb2+/Pb)=-0.1262 V, E°(Bi3+/Bi)=0,308 V, E°(Bi+/Bi)=0,5 V, 

E°(Sn+2/Sn)=-0.1375 V, E°(Zn2+/Zn)=-0,7618 V; vs. SHE [26]).This leads to the formation of corrosion cells in 

which Zn is the anode and dissolves, while the precipitates containing Pb, Bi and BiSn, being a cathode, are 

in a rather passive state [27]. Consequently, Zn is used to protect the precipitates rather than to protect the 

steel substrate. Corrosion resistance tests in accelerated corrosion tests of coatings confirmed the reduction 

of corrosion resistance of coatings obtained in baths containing Pb, Bi and Sn. Also, these coatings showed 

higher values of corrosion current density (icorr) compared to coatings obtained in baths without the addition of 

these metals [11,12,13]. Tests carried out in Zn-AlNi bath show that removing the Pb, Bi and Sn additives from 

the bath does not significantly affect the coating thickness and structure. The lack of structural components 

containing these metals in the coating may, however, improve the corrosion resistance. 

Table 2 Chemical composition in selected micro-areas of the coating obtained on low-silicon (point 1-5) and  

 Sandelin (point 6-10) steel in a Zn-AlNi bath (analyses points as shown in Figure 4) 

Point of 
measurements 

- low-silicon 
steel 

Content of elements Point of 
measurement 
– Sandelin’s 

steel 

Content of elements 

Fe-K Zn-K Fe-K Zn-K 

(wt%) (at%) (wt%) (at%) (wt%) (at%) (wt%) (at%) 

point 1 0.2 0.2 99.8 99.8 point 6 0.1 0.1 0.1 0.1 

point 2 6.2 7.2 93.8 92.8 point 7 7.1 8.2 7.1 8.2 

point 3 9.0 11.4 90.1 88.6 point 8 11.2 12.9 11.2 12.9 

point 4 18.9 21.4 81.1 78.6 point 9 19.4 22.0 19.4 22.0 

point 5 32.6 36.2 67.4 63.8 point 10 35.1 38.8 35.1 38.8 
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4. CONCLUSION 

The conducted tests provided the basis for determining the synergistic effect of the AlNi additive in the bath 

on the coating formation on steels with different silicon content. When analyzing the structure of coatings on 

the tested steels, it should be stated that it is correct. No influence of alloying elements in the bath on the 

coatings formation on steels below the Sandelin range is observed. On the other hand, the limiting effect of 

AlNi additives on the coating formation on steel from the Sandelin range is clearly visible. In the tested bath, 

the rapid increase in the coating thickness, characteristic of Sandelin’s steel, is stopped. The conducted tests 

allow to conclude that the coatings obtained in the Zn-AlNi bath on Sandelin’s steel have a structure typical for 

steels with low silicon contents. The nature of the changes in the thickness of the coatings with the extension 

of the immersion time is also similar. Summarizing the test results, it should be stated that the proposed 

chemical composition of the bath guarantees obtaining zinc coatings with the correct structure and allows to 

limit the thickness of the coatings on steels in which the silicon content is considered critical for the galvanizing 

process. The Zn-AlNi bath is an alternative to applications where Pb, Bi and Sn additions are undesirable. 
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Abstract  

The presented research was focused on optimizing the internal equipment of the tundish with respect to 

residence times between the middle (No. 2) and two lateral casting strands (No. 1 and 3). The different values 

of residence times of individual strands affect the cleanliness of steel and cause thermal and chemical 

inhomogeneities. The specific flow given by the shape of the three-strand symmetrical T-type tundish causes 

the middle casting strand to have a relatively short residence time compared to lateral strands. For this reason, 

the flow in the tundish was controlled by changing the angle of outlet holes in tundish baffle separating the 

inlet part of the tundish from its working volume. The research was carried out using computer simulations 

supported by the results from the SimConT physical model. 

Keywords: Tundish, residence time, physical model, CFD simulation, C-curve 

1. INTRODUCTION 

The tundish residence time, represented by RTD curves, has a significant effect on the cast steel cleanliness 

[2]. The tundish, including internal furniture, should ensure the thermal and chemical homogeneity of the cast 

steel for all casting strands. The residence time of the individual strands should also be approximately the 

same to ensure sufficient time for lower density inclusions to float out. This problem relates in particular to 

tundishes with an asymmetrically arranged inlet part with respect to individual casting strands. The presented 

research was performed for a three-strand T-shaped tundish (Figure 1) using CFD simulations in Ansys Fluent 

software along with results from the SimConT physical model [1].  

 

Figure 1 T-shaped three-strand tundish and location of standard 90° outlet holes in the tundish baffle 

Based on the C-curve for the standard tundish configuration, it follows that the middle casting strand (No.2) 

has the shortest residence time. The aim of the research was to achieve approximately the same residence 

time for all casting strands by deflecting the outlet holes in the tundish baffle, whose standard position is 90° 

(Figure 1). 
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The implementation of physical simulations on the SimConT model depends on the production of precise 

model components using 3D printing or CNC technology. For this reason, CFD simulations were performed 

first [3]. The aim of the CFD simulation was to find the optimal angle of deflection of the outlet holes in tundish 

baffle. Subsequently, the most suitable configurations from CFD simulations were also simulated on the 

SimConT physical model. 

2. MATHEMATICAL MODELS 

Turbulence is caused by the flow around the walls with a viscous fluid and sudden speed differences. This 
type of flow is composed of large and small vortexes. Big vortexes have energy and break down into smaller 
vortexes. This process ends with the variance of energy to the heat of the smallest vortexes. The length 
quantity l [m] and the velocity quantity u [m.s-1] characterize turbulent vortexes. 

Most of the problems solved in practice have turbulent flow, so that’s why a turbulent model is needed. 

The time averaging of turbulent quantities (RANS) method is the most widely used method in practice. This 
method solves the time averaging of the flow values of all sizes of turbulent vortexes. Based on that, the 
computational requirements are reduced, and the results are sufficiently accurate. This method uses Navier-
Stokes equations, averaged according to Reynolds, in which the turbulence model is replaced by velocity 
fluctuation correlation. By adding additional transport equations, it is possible to simplify the problem, based 
on different RANS models. Using the Boussinesque hypothesis, turbulent viscosity is introduced for RANS 
type models �−�, �−�. The use of the RANS method is conditioned by verification with experiments [4,5]. 

The assumption of the Boussinesque hypothesis is that the shear stress tensor can be replaced by Newton's 
relation (1). An example of this relation for simplified two-dimensional flow is expressed by the equation 

� = � ���	              (1) 

where  τ - shear stress (Pa) 

� - dynamic viscosity (Pa.s-1) 


 - velocity (m.s-1) 

Investigated models 

One of the most used turbulence models is the K-ε model, which uses two special transport equations 

representing the turbulent properties of the flow. The first transport quantity is the kinetic energy of turbulence 

- k, which determines the energy of turbulence. The second is the turbulence variance - ε, which determines 

the extent of turbulence. 

Using the standard K-ε model, the flow is assumed to be fully turbulent, and the effect of molecular viscosity 

is negligible. This model is used at high Reynolds numbers. The disadvantage of using the model is under 

conditions such as large strand curves, vortexes, rotations, strand breaks and low Reynolds numbers. 

Turbulent viscosity is calculated from the relationship (2): 

�� = �� ��
�                 (2) 

where �� - model constant 

k - kinetic energy of turbulence (m2.s-2) 

ε - kinetic energy variance (m2.s-3) 

The RNG k-� model (Renormalization group method - RNG) is actually an extension of the standard k-� model 

in that it includes the effects of vortexes on turbulence and thus has a wider use in different types of flow. 
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The latest model is the Realizable �−� model. Compared to the standard model, it contains two important 

changes like a different formulation of turbulent viscosity and a modified transport equation for ε. The 

Realizable model, like the RNG, also brings flow enhancements with large strand curves, vortexes, and 

rotations. 

�� is not a constant in this model, but is calculated from the relation (3) 

�� = �
�������∗�

               (3) 

where  �∗ = ��� �� + "#$% "#$%  ; "#$% = "� − 2�� ���  ; "� = "#$(((( − �� ���  

�� = �) *+�,+-. + +�.+-,/ - strain rate tensor (s-1) 

01 −  value constant 4,04 

03 - constant  

where  "#$(((( - the mean value of the vortex tensor (s-1) displayed in a moving speed reference system ωk 

"� − vortex tensor (s-1) 

�� ��� - non-physical turbulent viscosity 

The model k-ω belongs to two-equation models as well as the model k-ε. Both solve two additional differential 

equations. We know two types for this model, namely Standard and SST (Shear Stress Transport). 

The Standard K-ω model better predicts negative pressure drop, boundary layers and tear flows. This model 

is unsuitable for free flows. In the area of the walls, k-ω is very accurate, but away from the walls, its accuracy 

decreases. [7]  

Empirical model K-ω Standard solves the transport equations of the kinetic energy of turbulence k and the 

specific energy variance ω ~ ε/k. 

Turbulent viscosity is calculated according to the relationship (4) 

�� = 5∗ 6�7                 (4) 

where 5∗ - the coefficient reduces the intensity of the turbulent viscosity 

The k-ω SST model combines robustness and accuracy near the wall with the k-ε model, which is suitable 

further away from the walls. This model is more advantageous for several types of flow than Standard k-ω. 

Turbulent viscosity is calculated according to the relationship (5) 

�� = 6�7 �
89:; <=∗, ?@�=<AB               (5) 

where  S - user-specified source members 

a - inverse effective Prandtl numbers 

F - internal volume force (N.m-3) [7] 

The most represented results of c-curves and values of min. a max. residence times for a T-shaped three-

strand tundish were obtained using a two-equation turbulent Realizable �−� model. 
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3. PHYSICAL MODEL 

The SimConT laboratory is a part of the Laboratory for Simulation of Flow Processes (LSPP) at the Faculty of 

Materials, Metallurgy and Recycling, TU of Košice. [1] The SimConT laboratory has been designed to utilize 

the long-term experience of faculty members and scientists according to the following requirements: 

 Simatic®-based, fully automatic regulation of the water level and all volumetric flow rates in the tundish. 

 Easy access to the tundish equipment to facilitate service and maintenance, and future upgrades. 

 Flow measurement in steady state (C-curves). 

 Flow measurement in transient conditions (F-curves). 

 Flow measurement in non-standard, limiting states (e.g., one- or two-strand casting, low steel level with 
vortex formation, shroud deviation - misalignment and others). 

 Evaluation of flow patterns using colorimetric and conductivity methods. 

C-curves measurement method was selected to compare the influence of angle in outlet holes in tundish baffle 

on steel flow in a tundish. A C-curve is one of the most important tundish parameters in terms of steel flow 

quality. It describes the residence time for any given tundish configuration. The residence time is the overall 

time of a steel particle “spends” in the tundish or, more technically, the time between entering the tundish via 

the ladle shroud and leaving it via one of the exit ports (submerged entry nozzles), C-curves are measured in 

steady state, i.e., with constant water level in the tundish (input flow rate = output flow rate). [8-12] 

During the measurements it was empirically found that the optimal quantity of tracer in terms of the working 

range of conductivity probes is 150 ml. In general, three measurements are performed for each set of tundish 

configurations and casting conditions. 

4. RESULTS AND EXPERIMENTS 

Defining CFD simulation conditions 

The computational network was created with a tetrahedral core and a prismatic boundary layer. With this type 

of computer network, the best controlled quality was achieved based on the SKEWNESS and ORTHOGONAL 

algorithms. The mathematical model of the tundish was modeled as a non-stationary process, for the possibility 

of analysis of C-curves. The non-stationary model shows the state of the system in individual time periods 

corresponding to the set time step. The time step was 0.1 s. 

The boundary conditions of the model were defined on the basis of the analysis of the physical water model 

SimConT on a scale of 1: 2. (Boundary conditions are physical quantities defined at the boundaries of the 

computational area, which express the physical nature of the modeled process). 

The main boundary condition on the inlet side was the mass flow of water into the water model, which was set 

as a constant (the value did not change over time). Tracer injection into the model was defined through a time-

dependent function that was included in the water mass flow. The injection time was 6 seconds in an amount 

of 150 ml. On the output side of the model, the boundary condition Outflow was set, which redistributes the 

mass flow to several places as the water model has 3 outputs. The walls of the model were defined by the 

boundary condition Wall, which presents the fixed walls of the computational domain. 

As mentioned above, the simulations were performed using Navier-Stokes equations, averaged according to 

Reynolds, in which it is necessary to replace the correlations of velocity fluctuations with a turbulence model. 

Specifically, the Realizable �-model was used. For time-dependent tasks, URANS (Unsteady-RANS) methods 

are used, which assume a time scale many times smaller. These models are able to capture instabilities, such 

as vortex release, but are not able to capture turbulent instabilities. They solve the calculation by a sequence 

of stationary phenomena. 
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Parameters entered in the solver: 

 Non-stationary calculation 

 The effect of gravity in the z-axis is considered = - 9.81 m.s-2 

 Model - Realizable � - � 

 Material - water 

 Boundary conditions - inlet as Mass Flow Rate 

 Solution method - (Simple), Initialization - (from all zones) 

 Shear friction on the walls - not considered 

 Number of iterations - 50 with a time step of 600 per 1 second 

Optimization of the tundish furniture 

The aim of optimizing of the tundish furniture by changing the angles of the holes in the tundish baffle is to 

minimize the differences in residence time between 2nd (middle), 1st and 3rd (lateral) casting strands while 

respecting the requirement to eliminate excessive wear of tundish working lining at the slag line area caused 

by dynamic steel flow in the inlet section [13,14,15]. All the simulations above are compared with the standard 

(currently used) configuration of the tundish - marked as the standard configuration 0 °. To better understand 

the effect of the deflection of the holes in the tundish baffle, the velocity profile of the flow in the selected virtual 

line was monitored. The beginning of the line was from the wall of the tundish and at the height of the axis of 

the hole in the tundish baffle (Figure 2). The line was 140 mm from the bottom, the length of the line is 750 

mm and the distance from the holes is 110 mm. The line runs from the wall to the opposite front wall.  

It was found that the velocity profile when the holes are deflected by 8 ° has a flat course, without a significant 

maximum. Deflection of holes from the perpendicular axis, causes that there is a higher flow velocity on the 

line, based on which it is possible to predict that the inflowing steel will reach the lateral outlets of the tundish 

a little earlier, so it is expected that the residence time for casting strand No.2 will be extended (Figure 3). 

 

 

Figure 2 Geometry of the tundish with a standard 

impact plate with a marked virtual line on which the 

flow velocity was monitored 

Figure 3 Velocity profile along the virtual line 

With the intention of extending the residence time of casting strand No.2, several CFD simulations were 

performed with different deflections of the holes in the tundish baffle at angles of 8 °, 10 °, 12 ° and 16 ° from 

their original perpendicular axis. Based on the results of these simulations, 2 variants (8 ° and 10 °) were 

selected, which were simulated using a physical model. 

In the Table 1 the residence time values for the individual configurations measured on the water model with 

calculated results of the residence time from the CFD simulations are compared. 
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Table 1 Minimal and maximal residence time values for monitored configurations 

 
  

Angle of hole setting 

Residence time [s] 

Strand No.3 Strand No.2 Strand No.1 

Tmin Tmax Tmin Tmax Tmin Tmax 

Water 
model 

0° 35.4 180.6 22.7 157.3 53.2 248.6 

8°   41.8 247.7 24.8 129.7 42.1 245.5 

10°   48.7 219 25 116.8 48.3 224.7  

CFD model 0° 40 210 20 120 50 250 

8°   42 209 25 129 42 239 

10°  57 227 32 117 55 247 

5. CONCLUSION 

A comparison of the results of C-curves and residence time in the realized CFD simulations with the results of 

the SimConT physical model indicate that the selected mathematical turbulent model Realizable �−�, including 

the setting of boundary conditions, correlates and is relevant. The results of the simulations show that the 

deflection of the holes in the tundish baffle has a positive effect on the homogenization of the residence time 

of the tundish within the individual casting strands 1 to 3. The proposed deflection of the holes by 10 ° shows 

the best results in terms of minimum residence time. For these reasons, tundish baffle with deflected holes 

were recommended for testing in real casting conditions.  
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Abstract  

Numerical modelling is becoming an essential part of research in the field of steel metallurgy at present. In 

numerical modelling, the operating equipment is replaced by a mathematical model, which consists of a system 

of partial differential equations. Numerical modelling is used to display processes and results that cannot be 

monitored under operating conditions. From numerical modelling we can obtain the results of the flow field, we 

can monitor the change in temperature and monitor the wear of the refractory lining, etc. This paper deals with 

numerical modelling of steel flow in the tundish. The tundish is a very important part of continuous casting. It 

supplies liquid steel during the ladle change and distributes steel between casting strands. The tundishes are 

made of a welded steel shell and lined with a refractory material. During casting steel, the tundish is the last 

reactor where it is possible to influence the quality and purity of the cast steel. It is necessary to know the 

processes in the tundish. This presented paper compares the results obtained by flowing steel in the tundish 

at non-isothermal conditions. A five-strand asymmetric tundish for bloom casting was used for numerical 

simulations. The paper also provides an overview of the issues of numerical simulations and their applicability 

in practice. Fluent software, which is part of the ANSYS package, was used for numerical simulations.  

Keywords: Numerical modelling, steel flow, tundish, temperature 

1. INTRODUCTION 

The tundish is a very important part of continuous casting. It supplies liquid steel and distributes steel between 

casting strands. The tundishes are made of a welded steel shell and lined with a refractory material. The steel 

flows into the tundish from the ladle through a ladle shroud made of ceramic material, which ensures the inlet 

flow conditions and prevents reoxidation of the melt. The surface of the steel melt in the tundish is covered 

with slag, which prevents reoxidation and heat loss of the melt. Another task of the slag is to ensure the ideal 

course of chemical reactions and the absorption of non-metallic inclusions from the melt. To control the flow 

of steel from the tundish, each casting strand is equipped with a stopper rod or a slide valve [1,2]. 

Optimum steel flow in the tundish is essential for continuous casting equipment. Impact pads, baffles, dams 

and weirs can be used to optimize the flow. The tundish is the last reactor where we can influence the final 

quality and purity of the steel. It is necessary to optimize the flow of steel in the tundish. Under operating 

conditions, monitoring the nature of the flow is very difficult. Numerical and physical modeling methods are 

used to monitor the flow behavior in the tundish. In the numerical model, the prototype is replaced by a 

mathematical model, which consists of a system of partial differential equations. In the case of physical 

modeling, the prototype is replaced by a physical model that has the same physical behavior [1,2]. 

Numerical modelling is suitable for optimizing the steel flow in the tundish. The main advantage of numerical 

modelling is the possibility of visualizing the steel casting process. In this paper, the behaviour of steel flow 
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with changes in temperature will be assessed by numerical modelling [1,3,4]. The main objective of the present 

publication is to assess the effect of non-isothermal flow in the tundish. 

2. PRINCIPLE OF NUMERICAL MODELLING 

Numerical modeling is the process by which a prototype is replaced by a mathematical model. Partial 

differential equations of a mathematical model can describe, for example, heat transfer, liquid and gas flow or 

chemical reactions in the model. Processes in a mathematical model are described as a function of time [1,3]. 

The system of differential equations is solved in the mesh. The equations are solved for each cell of the mesh 

separately. Depending on the accuracy and fineness of the mesh, the number of equations that are solved in 

numerical modeling increases [1,3,4].  

Fluid flow is an important process for ensuring the course of chemical reactions, removing non-metallic 

inclusions and homogenizing steel. It is essential to know the types of flows that can occur during steel casting. 

Flow can be divided into laminar or turbulent. Depending on the time, it can be stationary or non-stationary, 

where the quantities change in the time [5,6]. 

The Navier-Stokes equations together with the continuity equation and the so-called turbulence models are 

used to describe both flows (laminar and turbulent) [5,6,7]. 

2.1. Methods of numerical modelling 

Finite difference method (FDM) - the essence is the conversion of the investigated system into a system of 

differential equations and subsequent solution within certain limits. The limits are determined by the boundary 

and initial conditions of the model. Derivatives at node points are replaced by differences [1,3,4,7,8,9]. 

Finite element method (FEM) - has the greatest importance among numerical methods. The essence lies in 

the division into the mesh of elements of finite number, which can be unstructured. The solution on each 

element has the shape of a quadratic polynomial or a linear function. [5-8]. 

Finite volume method (FVM) - when calculating the finite volume method, the object is first divided into a 

certain number of non-overlapping finite volumes. The calculation usually takes place at one point, which 

characterizes the given final volume. The representative point is located in the middle of the final volume.  The 

method does not require too much hardware [1,3,5,6,7]. 

2.2. Expected effect of non-isothermal flow 

During the ladle change, the so-called non-isothermal flow occurs. Steel with a higher temperature than the 

steel in the tundish enters the tundish and a positive temperature difference is created. The change in 

temperature will also be reflected in the change in the nature of the flow, which will be a combination of forced 

convection and natural convection, as a result of which there are differences in melt densities and the resulting 

buoyancy forces. In this case, natural convection results in the formation of reverse flow [10,12]. 

Non-isothermal flow pattern persists until the temperature of the mixed existing and newly fed steel stabilizes 

and the conditions approach an isothermal steady state. Non-isothermal flow contributes to better separation 

of non-metallic inclusions into the cover slag. The resulting product at times of non-isothermal flow can achieve 

significantly higher homogeneity and purity [10,12]. 

3. EXPERIMENTAL CONDITIONS 

All simulation preparations and calculations themselves took place in the Ansys Workbench software package, 

which includes for example the Ansys Fluent software for CFD (Computational Fluid Dynamics) simulation 

solutions. 
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3.1. Geometry 

The 3D geometry of the five-strand tundish was constructed in the CAD system of the Ansys DesignModeler 

software. For numerical simulations, only the inner part of the tundish was constructed. The created geometry 

of the tundish is schematically shown in Figure 1.  

 

Figure 1 Geometry of the five-strand tundish 

3.2. Computing mesh 

As part of the preparation of the numerical model for the simulation, two different computing meshes were 

designed (see Table 1). For a computing mesh, it is important to follow the criteria of orthogonal quality and 

skewness. Orthogonal quality describes the quality of the created computing mesh, so it is necessary to 

achieve the highest possible value. In the case of the skewness criteria, it is an asymmetry that assesses the 

degree of cell deformation. In the case of skewness, it is necessary to reach the lowest possible value. Both 

criteria can take values in the range 0-1, we can also express them in percentages. Of the proposed variants, 

the mesh variant created using the CutCell method proved to be much better. With a significantly lower number 

of cells, a higher network quality was achieved and asymmetry was eliminated compared to the original 

tetrahedral mesh. With a lower number of cells, the calculation was significantly accelerated. Both variants are 

shown schematically in Figure 2. 

Table 1 Variants of computing mesh 

Computing mesh Number of nodes Number of cells Orthogonal Quality Skewness 

Tetrahedral 248,977 1,331,930 0.7824 0.2162 

CutCell 735,713 680,460 0.9827 0.0243 

 

  
a) b) 

Figure 2 Computing meshes: a) Tetrahedral; b) CutCell method 

3.3. Model setting 

Set boundary conditions for numerical simulations is shown in Table 2. The calculations were performed in 

SW Ansys Fluent and were solved by the finite volume method. Steel with a defined heat flux through the 

tundish walls and the steel surface was chosen as the material for the calculation. The steady flow 
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for 1753.15 K was first calculated, then the temperature was raised to 1788.15 K and the change in flow was 

monitored. The material properties of the steel were set depending on the temperature [1,11]. 

Table 2 Boundary conditions of model setting [1,11] 

Parameter Value 

Casting speed - velocity inlet (m·s-1) 1.04 

Casting temperature (°C) 1,753.15 / 1,788.15 

Gravity (m·s-2) -9.81 

Operating pressure (Pa) 101,325 

Heat flux of free surface (W·m-2) 15,000 

Heat flux of tundish walls (W·m-2) 2,500 

4. RESULTS AND DISCUSSION 

The basic result is residence time distribution (RTD) analysis. The residence time determines the time that a 

certain element of the melt spends in the tundish and is essential for further flow optimization. The result of the 

RTD analysis is shown in Figure 3. In numerical simulations, it was determined using a species model [5,9]. 

  
a) b) 

Figure 3 RTD analysis: a) Steady flow; b) Temperature change 

A minimum retention time is necessary for flow optimization, which is determined as time until the first response 

on the strands [9,10]. 

The minimum retention time is shown in the Table 3. For optimization, it is necessary to increase the residence 

time on all casting strands and at the same time keep the variability low, which is expressed by the coefficient 

of variation. 

The result shows that the residence times at the nearest nozzles (CS3, CS4) to the ladle shroud were 
increased after the temperature change. At the same time, low variability was obtained after the temperature 

change. Flow after temperature change achieves better results. 

Table 3 Results of residence time distribution  

Variant 
Minimal residence time - �min 

CS1 (s) CS2 (s) CS3 (s) CS4 (s) CS5 (s) v (%) 

Steady flow 180 68 58 52 56 66 

Temperature change 93 82 68 63 52 22 
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Figure 4 shows the flow velocity vectors of the tundish in steady flow and 100 seconds after the temperature 

change. The highest velocity is seen at the entrance to the tundish around the ladle shroud. Around the first 

casting strand, the flow is significantly slowed down. There are obvious zones in which steel circulates. After 

the temperature changes, the newly supplied warmer steel flows due to the density mainly at the surface. The 

stagnant flow zone near the CS1 is gradually removed. 

a) 

 

 

b) 
 

Figure 4 Velocity vectors in the tundish: a) Steady flow; b) Temperature change (100 secs) 

From the flow of steel in the tundish, it is also possible to predict places prone to lining wear. A wall shear 

stress model was used. The model is based on velocity vectors. Figure 5 shows the results of steady flow and 

flow 100 seconds after the temperature change. The biggest problems in the steady flow occur between CS4 

and CS5 and also between CS2 and CS3. After the temperature change, the problem area is shifted to the 

side walls of the tundish until it is completely removed.  

a) 

 

 

b) 

 

Figure 5 Wall shear stress: a) Steady flow; b) Temperature change (100 secs) 

Another result is the temperature field in the tundish. From the front and side view. Figure 6 shows the results 

100 seconds after the temperature increased from 1753.15 K to 1788.15 K. From the temperature field we see 

the removal of stagnant flow around CS1. Warmer steel flows near the surface. 

 

 

b) 

 

 

a) 

Figure 6 Temperature field in the tundish 100 secs after temperature change:  

a) Front view; b) Side view 
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CONCLUSION 

In this paper were compared steady and unsteady flow after temperature change. Temperature change is a 

process that always accompanies the continuous casting of steel during ladle change. In several cases, the 

flow was better after the temperature change. Especially when removing stagnant flow. An increase in casting 

temperature affects the flow and has a positive effect on the wear of the lining. Based on RTD analysis, low 

flow variability was achieved after temperature change, leading to better product homogeneity.  
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Abstract 

The present paper is focused on the mathematical and graphical determination of temperature and thermal 

parameters depending on the heat dissipation from solidifying steel in the mould, respectively in the primary 

cooling zone of continuous casting of steel (CCS). The main task of the primary cooling is mainly to remove 

heat from the solidifying steel, therefore knowledge of the temperature fields in the precast and mould is 

important. As part of the present research to evaluate the thermal performance of the mould, the heat flux 

density dependencies q between the steel and the cooling water in the mould were expressed in the primary 

cooling region. The cooling water parameters and temperature gradients along the height and perimeter of the 

working surface of a copper mould insert of square cross-section of 150 x 150 mm and 1 m long were used to 

determine the heat removal rate from the solidifying steel. The temperature and thermal parameters were 

determined for the solidification and precooling tasks for two grades of steel with carbon contents of 0.18 wt.% 

and 0.83 wt.%. Casting speeds were chosen to range from 2.1 m·min-1 to 2.7 m·min-1 and casting 

temperatures from 1500 °C to 1550 °C. The obtained dependencies were used for numerical simulation in the 

ProCAST environment. 

Keywords: Primary cooling zone, heat flux density, heat flux, ProCAST 

1. INTRODUCTION 

The technology of continuous casting is characterized by a high degree of versatility and is the result of the 

entire upstream stage of steel production preparation and processing immediately prior to the continuous 

casting process. The complex and multi-condition dependent process taking place in the mould can be better 

analysed and subsequently evaluated if the variables that change during the casting process are measured 

directly in the mould. The kinetics of the mould wall temperature field, which is a manifestation of the heat 

fluxes from the liquid steel to the cooling water, generally carries the greatest degree of information about the 

complex solidification process in the mould. Assuming an approximately constant thermal resistance of the 

copper mould walls, a heat transfer coefficient from copper to water and a known cooling water temperature, 

the measurement of heat fluxes can be replaced by the measurement of individual wall temperatures. The 

measured temperature field is evaluated quantitatively in terms of the magnitude of the temperatures, 

qualitatively with respect to the symmetry of the cooling, and in terms of its dynamics, i.e. temperature 

fluctuations and changes in the symmetry of the heat dissipation over time. 

2. HEAT TRANSFER ANALYSIS IN THE PRIMARY COOLING ZONE 

In the primary cooling zone, heat is transferred from the solidification front (i.e. from the inside of the casting 

crust) through the crust, through the gap between the crust and the mould wall, through the mould wall itself 

and into the cooling water. The mould can be divided in height into three zones according to the nature of the 

heat dissipation given by the interaction of the crust with the mould surface. The first zone is characterised by 

good contact of the relatively weak crust with the wall, which is ensured by the pressure of the liquid steel 
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acting on the plastic casting crust [1]. There is usually a continuous layer of casting powder between the casting 

crust and the mould wall [2]. The second zone is characterised by alternating contact between the casting 

crust and the mould wall. The crust is already more rigid, but cannot withstand the ferrostatic pressure 

permanently. At the same time, it is subjected to alternating shrinkage and reheating, which induces dynamic 

stresses. In the second zone, a gas gap between the crust and the mould wall is temporarily created [3]. The 

third zone is located in the lower part of the mould and is characterised by a relatively stronger casting crust, 

which no longer resists ferrostatic pressure and, due to shrinkage, permanently detaches from the mould walls. 

A stable gas gap is formed between the casting crust and the wall, which significantly limits heat dissipation 

[4]. The solidification temperature may be considered, for simplified purposes, as the mean temperature 

between the liquid and the solidus temperature. Theoretical calculations of the heat flux densities in the 

different parts of the mould are hampered by ignorance of the heat transfer coefficients, which have to be 

determined mainly by measurement [5]. 

The total thermal resistance in the primary cooling zone, where heat transfers from the solidification front 

through the crust, through the gap between the crust and the mould wall, through the mould wall itself and into 

the cooling water, can be expressed by equation (1). 

   
 

    
 

0 k
c

0 k k w

1 1s s
R  (1) 

where: 

Rc - total thermal resistance (m2·K·W-1) 

s0 - thickness of casting crust (steel) (m) 

0 - average coefficient of thermal conductivity of the solidified crust of the billet (W·m-1·K-1) 

k - heat transfer coefficient between the billet shell and the inner wall of the mould (W·m-2·K-1) 

w - heat transfer coefficient between the mould wall and the cooling water (W·m-2·K-1) 

sk - mould wall thickness (m) 

k - coefficient of thermal conductivity of the mould wall (W·m-1·K-1) 

If the temperature of the cooling water is such that no steam is generated, the heat transfer coefficient can be 

determined from the criterion equation (2). In addition to the similarity numbers Nu, Re, Pr, there is also a 

correction factor for wall temperature in equation (2), which is expressed by the fraction of the dynamic 

viscosities of the water at temperatures tw and t2. 




 
     

 

0.11
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0.023Nu Re Pr  (2) 

where: 

Nu - Nusselt number (1) 

Re - Reynolds number (1) 

Pr - Prandtl number (1) 

 - correction coefficient (1) 

w - dynamic viscosity of water at temperature tw (Pa·s) 

2 - dynamic viscosity of water at mould surface temperature t2 (Pa·s) 

The value of the coefficient  cannot be determined in advance because the temperature at the wall surface 

is not known before the calculation. The value of the correction factor is therefore calculated for each point on 

the wall surface only during the solution. 
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3. EVALUATION OF THE THERMAL WORK OF THE MOULD 

The magnitude of the heat fluxes can best be determined by direct calculation from the temperatures measured 

in the mould using a pair of thermocouples, which must be placed at the same level along the height of the 

mould and at different distances from the surface of the inside of the mould [6]. However, in practical 

measurements on the mould, the thermocouples were only ever placed one at a given level along the height 

of the mould and therefore the heat fluxes could not be calculated by this method, nor could the position of the 

thermal axis. 

Therefore, a methodology was used to calculate the heat fluxes according to which, from known boundary 

conditions, the monitoring of the mould heat work can be done by monitoring the temperature fields, since the 

temperatures at a given mould location depend practically linearly on the heat flux density from the precast. A 

constant temperature and cooling water flow rate is a prerequisite [7]. The following input values were chosen 

for the experiment, see Table 1. 

Table 1 Input values of the experiment 

Steel tcasting (°C) Casting speed (m·min-1) 

0.18 wt.% C 1550 
2.1 2.3 2.5 2.7 

0.83 wt.% C 1500 

 
Figure 1 Temperature profile SR 

 
Figure 2 Temperature profile LR 

The experimental measurements were carried out on a square mould with dimensions 150 x 150 mm and 

length of 1 m. On the large (LR) and small (SR) radius sides, 5 thermocouples were placed at distances of 

250, 400, 550, 700 and 850 mm from the top edge of the mould. The time courses of the temperature profiles 
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are presented in Figure 1 and Figure 2. For perfect contact of the thermocouples with the mould wall, it was 

proposed to embed the thermocouples in copper rollers, which were installed in holes drilled in the mould wall. 

Special NiCr - CuNi type E thermocouples were used for experimental measurements, which are the most 

suitable for measurements in the "low" temperature range. 

The heat transfer from the mould to the cooling water can be described by equation (3) 

 






k w

k

k w

1
t t

q
s

 (3) 

where: 

q - heat flux density (W·m-2) 

k - thermal conductivity coefficient of the mould (W·m-1·K-1) 

sk - mould wall thickness (m) 

tk - mould wall temperature (°C) 

tw - cooling water temperature (°C) 

w - heat transfer coefficient from the outer surface of the mould to the cooling water stream (W·m-2·K-1) 

This equation shows that when calculating the heat fluxes, it was necessary to take into account the 

temperature of the cooling water, as this value was not constant over the height of the mould and this change 

had to be taken into account. On the other hand, the values of the thermal conductivity coefficient of the mould 

and the heat transfer coefficient were almost invariable and were therefore further treated as constants. The 

measured data sets contained information about the inlet temperature of the cooling water and the temperature 

difference at the inlet and outlet of the mould. From these data a linear dependence of the temperature rise 

was created. On this type of CCS, the water entered the mould from the bottom, therefore its temperature 

increased towards the top of the mould. From this dependence, the temperature of the water at the locations 

where the thermocouples were placed was determined and their differences were calculated from the 

temperature pairs thus created. These were then plotted versus the relative height of the mould and regression 

relationships were found using polynomial functions. 

The heat flux from the mould cooling water was calculated according to relation (4) 

   m , w p, w wP Q c t  (4) 

where: 

P - heat flux (W) 

Qm, w - mass flow rate of water through the mould (kg·s-1) 

cp, w - specific heat capacity of water (J·kg-1·K-1) 

tw - temperature difference between water inlet and outlet (°C) 

The mould was further divided into elementary surfaces from the steel surface to the bottom edge of the mould. 

Using the regression dependencies calculated for each melt observed, temperature coefficients were 

calculated for each elemental surface to characterize the relative temperature distribution along the height of 

the mould. 

For the calculation of heat fluxes, a program was used that works on the principle of iterative method, according 

to which the heat fluxes in individual layers can be calculated [8]. The sum of the values from all layers must 

then equal the total heat flux from the water, which was calculated from the values stored in the data files as 

the product of the volumetric flux, density, specific heat capacity and the temperature difference at the inlet 

and outlet of the mould. The heat flux density in each element is obtained from the heat flux values related to 

the layer area and then plotted on graphs [9]. 
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Figure 3 shows the values of the heat flux densities q (kW·m-2) for the two tested steel grades as a function 

of the dimensionless coordinate (mould height). It can be seen from the figures that the heat dissipation from 

the mould along its length is closely related to the proportion of carbon in the steel. The low carbon steel (C = 

0.18 wt.%) shows lower heat flux values at the steel surface and its heat dissipation is more uniform along the 

mould height than that of the high carbon steel (C = 0.83 wt.%). At the bottom of the mould for both grades of 

steel, a gas gap has already developed, resulting in a more pronounced decrease in heat dissipation. It is also 

evident from the curves in the presented figure that the casting speed has a significant effect on the heat 

dissipation [10]. 

 

Figure 3 Heat flux density along the height of the mould 

The heat flux densities along the mould height for each casting rate were expressed by a third degree 

polynomial. The expressed heat flux density polynomial was subsequently rewritten into a user function in the 

ProCAST environment to represent a type II surface condition for the primary cooling zone. 

4. NUMERICAL SIMULATION IN PROCAST 

Figure 4 presents the output from the ProCAST software system [11,12]. This is a numerical 3D temperature 

model. The graphical outputs of the simulation tasks for casting speeds of 2.1 and 2.7 m·min-1 with a carbon 

content of 0.18 wt.% were selected. The color resolution characterizes the surface temperature distribution. It 

is clear from the figure that the 

increased casting rate results 

in an increase in the surface 

temperature of the precast 

[13]. The above is related to 

the fact that less heat is 

removed by the cooling water 

at higher casting speeds. The 

resulting thinner casting crust 

is pressed more intensely 

against the mould wall, 

resulting in an increase in the 

heat flux density from the 

precast to the mould wall. 

Figure 4 Numerical temperature model 
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5. CONCLUSION 

The paper describes the investigation of thermal processes in the primary cooling zone in terms of the 

evaluation of temperature profiles and heat flux densities depending on the chemical composition of the steel 

and the casting rate. The primary cooling zone was defined on a rectangular mould profile with dimensions of 

150 x 150 mm and a length of 1 m. Two steel grades were selected for processing and evaluation of the 

measured data. Low carbon steel (C = 0.18 wt.%) and high carbon steel (C = 0.83 wt.%). The casting speeds 

for both steel grades were chosen in the range from 2.1 m·min-1 to 2.7 m·min-1. Using the measured 

temperature profiles in the mould wall and the calculated heat dissipation to the cooling water, the heat flux 

density profiles were determined as a function of steel chemical composition and casting speed. After 

evaluation of the results, it can be concluded that a smoother decrease in temperatures and heat flux densities 

was achieved for the low carbon steel, where a more uniform heat dissipation from the mould was observed. 

Subsequently, simulation calculations were performed to determine the temperature fields in ProCAST. From 

the simulations obtained, it can be concluded that they allow to define the optimal parameters of the continuous 

casting process of steel. The use of the results obtained in the simulation processes gives very high economic 

benefits and also reduces the number of technological tests that are associated with the actual optimization of 

the continuous casting process of steel. 
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Abstract  

Three model alloys based on Fe-C-Ni were studied. The alloys containing carbon between 0.338 and 0.382 

wt% and nickel between 1.084 and 4.478 wt%. Phase transition temperatures, coefficient of thermal 

expansion, and density were experimentally and theoretically determined and clarified for all specific alloys in 

the high-temperature area from 1000 °C to 1595 °C. Phase transition temperatures were experimentally 

obtained using differential thermal analysis (DTA), differential scanning calorimetry (DSC), and dilatometry. 

The coefficient of thermal expansion and density were determined by dilatometry. Additionally, experimental 

data were compared and discussed with calculation results using SW JMatPro, and Thermo-Calc. The 

obtained experimental results show that with increasing nickel content, the temperature of the liquidus and the 

coefficient of thermal expansion decrease. Conversely, the density increases with increasing nickel content. 

The ambiguous influence of nickel on the change in solidus temperature was observed. 

Keywords: Fe-C-Ni alloys, thermal analysis, phase transition temperatures, coefficient of thermal expansion, 

density 

1. INTRODUCTION 

Iron-based alloys are of great practical importance because they have technical properties that allow their wide 

use in the construction, energy and machinery industries, the vehicle industry, the consumer industry, medicine 

- basically everywhere [1,2]. Broad variability of the chemical composition of ferrous alloys, e.g. steels, which 

represents an example of multiple component alloy, causes a lack of experimental thermophysical and 

thermodynamical data for each particular alloy [3,4]. Accurate data is needed for proper use in a specific 

application and in the process of producing semi-finished and finished products from a particular grade of steel 

as final properties depends not only on the chemical composition but also on the processes of casting, forming, 

heat or surface treatment, machining, welding etc. [5]. Same data is needed for simulation of manufacturing 

processes as simulations represents cheaper alternative to physical experiment on actual manufacturing 

device (blast furnace operation, secondary steel treatment, continuous casting machines, rolling mills or 

forging machines). Obtained results highly depend on quality of input data so proper experimental data 

regarding solidus and liquidus and other phase change temperatures, coefficient of thermal expansion and 

density is required [6]. 

This paper focuses on the study of phase transition temperatures, coefficient of thermal expansion, and density 

in the high-temperature area. Three model alloys based on Fe-C-Ni were studied. Experimental results were 

obtained using differential thermal analysis (DTA), differential scanning calorimetry (DSC), and dilatometry. 

Experimentally acquired results were discussed with results calculated using SW JMatPro, and Thermo Calc. 

This work deals with the influence of nickel content to change experimentally and theoretically obtained results. 
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2. THEORETICAL CALCULATIONS 

SW JMatPro (JMP) is a simulation software calculating a wide range of material properties of alloys, focusing 

mainly on multicomponent alloys used in industrial practice [7]. The results presented in this work were 

obtained by SW JMatPro version 11.1 and database General Steel. In the calculations for this work, the whole 

composition of the studied alloys was taken into account. 

SW Thermo-Calc (TC) has been developed as a complex heterogeneous system with highly non-ideal as well 

as ideal solution phases that can be applied to thermodynamic systems in the fields of chemistry, metallurgy, 

materials science, semiconductors, etc. depending on the type of database used [8]. The software contains 

several databases, while the TCFE database is mainly used for iron alloys. The work reproduces the results 

obtained by SW Thermo-Calc version 2019a using the TCFE8 database. Elements H, P, S were not included 

in the calculations. The representation of these elements in the calculation caused its instability. 

3. EXPERIMENTAL 

3.1. Sample characterization 

Three model alloys based on Fe-C-Ni were studied. These alloys contained carbon between the range of 0.338 

to 0.382 wt% and nickel in the range of 1.084 - 4.478 wt%. The chemical composition, determined by the GDA 

750 HP optical emission spectrometer (GDOES), is listed in Table 1. In addition, the determination of carbon, 

oxygen and sulfur contents was provided by Eltra 2000 CS and Eltra 2000 ONH combustion analyzers.  

Table 1 Chemical composition of studied alloys (wt%) 

Alloy C Cr Ni O P S Mn Al Cu N 

Ni1 0.382 0.010 1.084 0.002 0.004 0.006 0.030 0.010 0.014 0.003 

Ni3 0.375 0.012 2.990 0.003 0.004 0.006 0.086 0.011 0.009 0.002 

Ni5 0.338 0.010 4.478 0.001 0.005 0.006 0.031 0.011 0.012 0.003 

The alloys were prepared from pure metals (Fe and Ni, purity 99.99 %), and carbon (purity 99.99 %) in furnace 

Leybold Heraeus by vacuum induction melting and cast into a cylindrical mould without additional heat 

treatment.  

3.2. Differential thermal analysis (DTA) experiments 

DTA measurements were performed for obtaining temperatures of solidus (TS), start (TP,S) and end (TP,E) of 

peritectic transformation and liquidus (TL). The Setaram Setsys 18TM equipment with S-type thermocouples 

was used for experimental measurements. The samples for DTA analysis were processed into the cylindrical 

form of diameter 3.5 mm, height 2.8 mm and mass of 190 ± 5 mg. Before analysis, they were polished to 

remove surface oxides and sonicated in acetone. All measurements were carried out under the same 

conditions in alumina crucibles at a heating rate of 10 °C·min−1. Temperature calibration of DTA was performed 

prior to each experiment using Pd (5 N). The influence of the heating rate and sample mass was taken into 

account. An inert atmosphere of argon (purity higher than 99.9999 %) was maintained during experiments. 

3.3. Differential scanning calorimetry (DSC) experiments 

Temperatures of phase transformations were also obtained by DSC method. The experimental measurements 

were made by Setaram MHTC (Multi High-Temperature Calorimeter) 96 Line with 3D heat-flux DSC sensor 

(B-type). The samples for DSC analysis were processed into the cylindrical form of diameter 5.0 mm, height 

8.0 mm and mass of 1220 ± 5 mg. The alumina sleeves (volume 360 μl) were inserted into a platinum crucible 

and sealed with an alumina cover and platinum cover. The whole set was then placed on the 3D DSC sensor 
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and covered by the corundum cover. Empty corundum sleeve in the platinum crucible served as a reference 

sample. The measurements were carried out at a heating rate of 5 °C ·min−1. For temperature calibration was 

used Pd (5N), the influence of heating rate and mass of sample was also taken into account. An inert 

atmosphere of helium was used. The purity of gas was higher than 99.9999 %. 

3.4. Dilatometry experiments 

Temperatures of phase transformations, coefficient of thermal expansion and density were determined by 

dilatometry. The Netzsch DIL 402 Expedis Supreme with S-type thermocouple was used for experimentally 

measurements. The samples for dilatometric analysis were processed into the form of cylinders with a diameter 

of 6.35 mm and a length of 10.05 mm. The mass of the cylinders was approximately 2 400 mg. The samples 

were prepared to fill as much space of the container as possible in which they were analysed. Temperature 

calibration was performed using Pd (5N). Further, calibration for thermal expansion with use of Al2O3 standard 

and correction to a sample holder (by SW) was performed. The measurements were carried out in sapphire 

containers (it was also included in the corrections). The dynamic atmosphere of helium was maintained in the 

furnace during the analysis. The purity of helium was 99.9999 %. The heating rate was 10 °C·min−1. 

Throughout the experiment, a static force of 0.2 N was applied to the sample. 

4. RESULTS AND DISCUSSION 

4.1. Temperatures of phase transformations 

The phase transition temperatures were studied in the high temperature area. Temperatures of solidus, 

liquidus, start and end of peritectic transformation were detected by DTA, DSC method and dilatometry. 

Experimental values were compared and discussed with theoretical calculations obtained by SWs JMatPro 

and Thermo Calc (Table 2). Figure 1 shows all the DTA curves and Figure 2 shows all the dilatometric curves 

obtained for the analysed alloys. The DSC curves are very similar to DTA curves, therefore, they were not 

displayed graphically. 

  

Figure 1 DTA curves of analysed alloys Figure 2 Dilatometric curves of analysed alloys 

As the nickel content increases, the liquidus temperature for DSC and dilatometric measurements decreases. 

For DTA measurements, the liquidus temperature is the same for Ni3 and Ni5 samples. The smallest 

temperature range in which melting takes place is for Ni5 alloy and the largest is for Ni3 alloy. 

It is clear from Figure 1 that the Ni1 sample has the highest liquidus temperature and the Ni3 and Ni5 samples 

have a slightly lower TL. The solid temperature is almost identical to Ni1 and Ni5 alloys, for the Ni3 sample it 

is lower by 14 - 16 °C. Peritectic transformation was detected only for the Ni1 sample. It took place in the range 

of 1 °C. It follows that nickel narrows the area of peritectic transformation, which is also confirmed by the 

calculations in SW Thermo-Calc. 
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Table 2 Experimental and theoretical values of phase transition temperatures of studied alloys (°C) 

Experiment Calculations 

°C DTA DSC DIL TC JMP 

Ni1 

TS 1441 1445 1442 1451 1439 

TP,S 1492 - - 1497 1500 

TP,E 1493 - - 1498 1501 

TL 1496 1502 1509 1503 1502 

Ni3 

TS 1427 1436 1429 1444 1435 

TL 1492 1500 1508 1497 1499 

Ni5 

TS 1443 1445 1442 1445 1440 

TL 1492 1499 1503 1497 1499 

The obtained experimental and theoretical results show that for the solidus temperature from the experimental 

results the unambiguous influence of the change of the nickel content on its shift was not determined. As the 

nickel content increased, the experimental and theoretical liquidus temperature decreased. 

The obtained results of statistical analysis show that the differences in phase transformation temperatures in 

comparison with individual experimental methods are from 1 to 16 °C. The smallest deviations were recorded 

for TS comparison (DTA-DIL) and the largest deviations for TL (DTA-DIL). The differences may be due to the 

effects of the experimental conditions of the individual methods, the interactions of the individual elements and 

the kinetics of the phase transformations. 

4.2. Coefficient of thermal expansion and density 

The coefficient of thermal expansion and density were studied in the tempetrature range of 1000 - 1595 °C 

using dilatometry. All experimental data were compared with theoretical calculations obtained by SWs JMatPro 

and Thermo-Calc. Temperature dependence of coefficient of thermal expansion is presented in Figure 3 and 

density is presented in Figure 4. 

  

Figure 3 Temperature dependence of experimental 

coefficient of thermal expansion of analysed alloys 

Figure 4 Temperature dependence experimental 

density of analysed alloys 
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In the temperature range of 1000 - 1400 °C are experimentally obtained values of coefficient of thermal 

expansion in the interval from 9.39 to 15.54·10-6 K-1. The lowest values of α are for alloy Ni3 and the highest 

for Ni1 alloy. Calculated values by both SWs were in the interval from 12.06 to 17.45·10-6 K-1. Calculations 

using both SWs had opposite trends of impact of nickel content change. According to SW JMatPro, the lowest 

values of α had Ni1 and the highest Ni5, which means that with increasing nickel content the values of the 

coefficient of thermal expansion increase. According to SW Thermo-Calc, the lowest values of the coefficient 

of thermal expansion had sample Ni5 and the highest values had Ni1 alloy, so with increasing nickel content 

the values of α decrease. 

In the melting range (1400 - 1530 °C) the experimental values of the coefficient of thermal expansion are in 

the range from 10.80 to 19.22·10-6 K-1. In the temperature region 1400 - 1500 °C alloy Ni3 has the lowest 

values of α and sample Ni1 has the highest values of α. From 1501 to 1530 °C, the alloy Ni3 has the lowest 

values of the coefficient of thermal expansion and the highest has alloy Ni5. During melting (1400 - 1530 °C) 

the calculated values of the coefficient of thermal expansion are in the range from 14.80 to 27.23·10-6 K-1. The 

range of 1400 - 1450 °C according to the calculations of SW JMatPro with increasing nickel content the values 

of the coefficient of thermal expansion increase. Calculations according to SW Thermo-Calc show the opposite 

trend of the change of nickel content. For the temperature range 1451 - 1530 °C, it is not possible to determine 

a clear effect of the change in nickel content on the change in the values of the coefficient of thermal expansion. 

In the liquid phase (1530 - 1595 °C) the experimental values of the coefficient of thermal expansion are from 

15.98 to 21.10·10-6 K-1. Ni3 alloy has the lowest values and sample Ni5 has the highest values. In the 

temperature range 1530 - 1595 °C, the calculated values of the coefficient of thermal expansion are from 27.01 

to 27.77·10-6 K-1. According to SW JMatPro, the lowest values of α had Ni5 alloy and the highest had sample 

Ni3. According to the calculations of SW Thermo-Calc, the trend of the effect of the change of nickel content 

was the opposite, the lowest values of the coefficient of thermal expansion had the alloy Ni3 and the highest 

had sample Ni5. 

In the temperature range from 1000 to 1400 °C, the alloy Ni3 has the highest experimental density and the 

lowest has sample Ni1, range from 7.40 to 7.67 g·cm-3. The calculated density is in range from 7.35 to 7.63 

g·cm-3. Calculations using both SWs have the same trends. Ni1 alloy has the lowest values of ρ and Ni5 the 

highest density. As a result, the density increases in this area with increasing nickel content. 

In the temperature range 1400 - 1530 °C, the experimental values of density are in the range from 7.02 to 

7.54 g·cm-3. From 1400 to 1509 °C, the sample Ni1 has the lowest values of ρ and the highest has alloy Ni3. 

In this temperature range, with increasing nickel content, the density increases, but again this is not a clear 

dependence. From 1510 to 1530 °C, Ni5 alloy has the lowest ρ values and alloys Ni1 (1510 - 1515 °C) and 

Ni3 (1516 - 1530 °C) have the highest values of density. The calculated density values in the temperature 

range 1400 - 1530 °C are from 7.01 to 7.44 g·cm-3.  

In the liquid phase (1530 - 1595 °C) the experimental density values are in the range from 6.98 to  

7.04 g·cm-3. Ni1 and Ni3 alloys have the same values of density, which are the lowest, The Ni5 sample has 

higher values of density. In this area, it is not possible to determine a clear trend of the impact of the change 

in nickel content on the change in ρ values. The calculated density values are in the range from 6.95 to 

7.03 g·cm-3. Calculations using both software have the same trends. Ni1 alloy has the lowest values of ρ and 

Ni5 has the highest values of density. As a result, the density increases in this temperature range with 

increasing nickel content. 

The experimental results show that in the temperature range 1000 - 1509 °C the alloy Ni1 has the minimum 

values of ρ and maximum values has alloy Ni3 or Ni5. In this temperature range, the increasing nickel content 

probably increases the density. According to SW JMatPro calculations, the growing nickel content increases 

the density in almost the entire studied temperature range, except for 1461 - 1501 °C. SW Thermo-Calc 

calculations have the same trend. 
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5. CONCLUSION 

New original data concering temperatures of phase transformation in melting, coefficient of thermal expansion 

and density for three model alloys based on Fe-C-Ni were obtained experimentally by DTA, DSC method and 

dilatometry and theoretically by utilization of SW JMatPro, Thermo-Calc. 

Based on the obtained results, the following conclusions can be stated: 

In the case of the temperatures of melting: 

For the experimental and theoretical values of solidus temperature was not detected the unambiguous 

influence of the change of the nickel content on its shift. The experimental and theoretical liquidus temperature 

decreased with increasing nickel content. 

In the case of coefficient of thermal expansion and density: 

With increasing nickel content decreased experimental values of thermal expansion coefficient in the whole 

studied temperature range. According to the results of SW JMatPro, the increasing nickel content increases 

the α values from 1000 to 1400 °C and according to SW Thermo-Calc, it decreases them. From 1401 to 

1595 °C, the unambiguous influence of nickel on the change in the values of the coefficient of thermal 

expansion was not demonstrated for both SWs. In the temperature range of 1000 - 1509 °C with increasing 

nickel content increase experimentally values of density. The same trend have the theoretical values obtained 

by SWs JMatPro and Thermo-Calc. 

The obtained results show that there are still often significant differences between experimental and theoretical 

values even for relatively simple systems (alloys). The high quality of experimental material data of these 

systems (eg Fe-C, Fe-C-Ni) is crucial for a better understanding of more complex to polycomponent systems 

(especially steels and related alloys). 
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Abstract 

Steels are commonly used metallic materials, that’s why higher requirements are imposed on their properties. 

Thermodynamical and thermophysical properties are one of the most important quantities of materials, which 

are needed for understanding behavior of materials under defined conditions. Thermal analysis has been 

widely used in various scientific fields, it can be used for study thermophysical and thermodynamic properties 

as well. The aim of the paper is study of six model alloys based on Fe-C-Cr-Ni, which contained carbon in a 

range of 0.0023 - 0.0095 wt%, chromium 0.0050 - 4.5528 wt% and nickel 0.0020 - 4.9600 wt%. Specific heats 

and phase transformations temperatures were studied in a high-temperature area. Experimental data were 

obtained using Setaram MHTC 96 Line with a 3D DSC sensor. Theoretical data were calculated using SW 

Thermo-Calc and JMatPro, then were compared and discussed with experimental data. 

Keywords: Fe-C-Cr-Ni alloys, specific heats, phase transformations temperatures, high temperature area 

1. INTRODUCTION 

Thermal analysis is a group of techniques in which a property of the sample is monitored against time or 

temperature while the temperature of the sample, in a specified atmosphere, is programmed. Differential 

scanning calorimetry (DSC) is a thermoanalytical technique in which the difference in the amount of heat 

required to increase the temperature of a sample and reference is measured as a function of temperature. The 

method DSC was used for achieving the aim - of obtaining experimental data of specific heats and phase 

transformation temperatures, such as temperatures of transformation of α→γ, γ→δ, solidus, liquidus and Curie 

temperatures of laboratory prepared Fe-C-Cr-Ni alloys. These data were discussed and compared with 

theoretical results calculated using SW Thermo-Calc and JMatPro. 

Thermal analysis is used for study of thermophysical and thermodynamic properties of quaternary systems 

based on iron, carbon, chromium, and nickel [1-2]. It is important to know thermodynamic and thermophysical 

properties of these materials (the properties of materials are changed in the field of phase transformations) 

because they are used almost in all branches of modern production. These properties are the main material 

data for description of the behavior depending on the chemical and phase composition and experimental 

conditions (temperature) [3,4].  

There is still not enough accurate experimental data, that could be used for creation and clarification of 

databases based on Fe-C-Cr-Ni and for simulation of metallurgical processes. That is why the study of systems 

based on Fe-C-Cr-Ni has received substantial interest. 
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2. EXPERIMENT 

2.1. Sample characterization 

The studied alloys contained major elements, such as carbon in a range of 0.0023 - 0.0095 wt%, chromium 

0.0050 - 4.5528 wt% and nickel 0.0020 - 4.9600 wt%. The samples had the form of a cylinders, diameter of 

samples was 5 mm and height of samples was 8 mm, mass of every sample was approximately the same 

1,250 ± 10 mg. They were polished and cleaned in acetone using ultrasound. The studied samples were made 

by induction melting using furnace Leybold Heraus in the laboratory and then were analyzed using thermal 

analysis. The chemical composition of six model alloys based on Fe-C-Cr-Ni is presented in Table 1. 

Table 1 Chemical composition of the major elements of studied alloys /wt% 

Alloy C Cr Ni Mn Cu O 

A 0.0030 0.0090 4.8300 0.0160 0.0150 0.0560 

B 0.0030 0.0050 4.9600 0.0120 0.0150 0.0900 

C 0.0023 4.5528 0.0025 0.0340 0.0070 0.0317 

D 0.0032 4.3860 0.0020 0.0240 0.0060 0.0367 

E 0.0095 4.0300 4.7850 0.0230 0.0130 0.0715 

F 0.0062 4.3940 4.4930 0.0140 0.0130 0.0642 

2.2. DSC - Differential scanning calorimetry 

Experimental data of specific heats and phase transformation temperatures were gotten by DSC method for a 

studied alloys A, B, C, D, E, F using Setaram MHTC 96 Line with a 3D DSC sensor, in a high-temperature 

area and in the atmosphere of helium with purity at least 6 N for a protection of the samples against oxidation. 

The heating rate was 5°C/min. The corundum sleeve was placed in a Pt crucible and covered with corundum 

vices and Pt vices, both in the sample and reference cells. Continuous method, which consists of three 

measurements: the first is called "blank" with an empty measuring and comparison crucible, the second 

measurement is performed with a standard (Pt) of known mass and known heat capacity and the third 

measurement is performed using sample of known mass, which is placed in a measuring crucible and the 

reference crucible is again empty, was used for determining specific heats. To obtain precise values of specific 

heats, it is necessary to perform temperature and enthalpic calibration. Temperature calibration was done 

using Pd, Ag, Au.  

3. THEORETICAL BACKGROUND 

Theoretical values of specific heats and phase transformations temperatures were calculated by use of 

thermodynamic SW Thermo-Calc, which has database for various materials, including Fe-based alloys, and 

SW JMatPro, which calculates a wide range of materials properties for alloys. The results were obtained by 

SW Thermo-Calc version 2019a using the TCFE8 database and SW JMatPro version 11.1 using General Steel 

database. Elements such as O, P, S, N, B, and diamond and graphite phases were not included for calculations 

in SW Therno-Calc and N was not included for calculations in SW JMatPro. The specific heats were calculated 

in SW Thermo-Calc using next equation (1) [5], while SW JMatPro calculate the specific heats directly. 

Cp=dH/dT (J/K·g)                                (1) 

where Cp is specific heat (J / K·g), H is enthalpy (J) and T is temperature (K). 
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4.  RESULTS AND DISCUSSION 

4.1.  Comparison of experimentally and theoretically specific heats of alloys 

The specific heats of alloys A, B, C, D, E, F were studied in the temperature intervals from 500 ºC to 1,580 ºC. 

Theoretical values of the heat capacities were gotten by SW Thermo-Calc and JMatPro and compared with 

measured experimental values. In this section selected obtained experimental and theoretical values of the 

specific heats (of alloy D with high content of chromium) are illustrated in the Figure 1. 

 

Figure 1 Experimental and theoretical heat capacities of alloy D 

From the dependence of specific heats on temperature (Figure 1) we can see, that obtained experimental and 

theoretical data have the same trend in the next temperature intervals: 500 - 728 ºC, 885 - 1,344 ºC, 1,373 -

1,511 ºC and 1,551 - 1,580 ºC. In these temperature intervals experimental values of specific heats are 0.62 - 

1.04 J/ K·g, theoretical values of specific heats (obtained by SW Thermo-Calc) are 0.60 - 0.99 J/ K·g and 

theoretical values of specific heats (obtained by SW JMatPro) are 0.60 - 0.99 J/ K·g. The results demonstrate, 

that the highest and the lowest deviations of experimental data from theoretical values (in case of SW Thermo-

Calc) are 0.13018 J/ K·g and 0.00012 J/ K·g, 0.10002 J/ K·g and 0.00026 J/ K·g - in case of SW JMatPro. 

In the α→γ phase transformation the highest experimental value of the specific heat is 2.79 J/ K·g and the 

highest theoretical value of the specific heat is 4.13 J/ K·g (obtained by SW Thermo-Calc and SW JMatPro), 

difference between these values is 1.34 J/ K·g. In the γ→δ phase transformation the highest experimental 

value of the specific heat is 2.49 J/ K·g, the highest theoretical value of the specific heat is 2.49 J/ K·g (obtained 

by SW Thermo-Calc) and 2.13 J/ K·g (obtained by SW JMatPro), difference between experimental and 

theoretical values (obtained by SW JMatPro) is 0.36 J/ K·g. In the malting range the highest experimental 

value of the specific heat is 8.93 J/ K·g, the highest theoretical value of the specific heat is 2.26 J/ K·g (obtained 

by SW Thermo-Calc) and 8.58 J/ K·g (obtained by SW JMatPro), differences between experimental and 

theoretical values are 6.67 J/ K·g and 0.35 J/ K·g respectively. 

As for alloys A, B, C, E and F, obtained experimental values of the specific heats also were compared with 

calculated theoretical data in SW Thermo-Calc and JMatPro.  

4.2.  Dependence of specific heats on the content of studied alloys  

The specific heats of alloys in the temperature range 550 - 1,580 ºC were obtained using Setaram MHTC 96 

Line with a 3D DSC sensor. Experimental values of the specific heats are in the Figure 2 - Figure 5. 
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From the Figure 2 we can see, that experimental values of specific heat are 0.67 - 0.99 J/ K·g in the 

temperature range 550 - 730 ºC, alloy C has the highest values of specific heat and alloy E has the lowest 

values of specific heat. The specific heats of studied alloys increase, when the content of chromium increases, 

the specific heats decrease, when the content of nickel increases. As for alloys E and F, which have the high 

content of chromium and nickel, alloys have the similar trend of specific heats, alloy F has higher values of 

specific heats. 

 

Figure 2 Experimental values of specific heats of 

alloys A, B, C, D, E and F in the temperature range 

550 - 730 ºC 

 

Figure 3 Experimental values of specific heats of 

alloys A, B, C, D, E and F in the temperature range 

730 - 890 ºC 

From the Figure 3 we can find out, that experimental values of specific heat are 0.59 - 1.08 J/ K·g in the 

temperature range 730 - 890 ºC (except the temperature range of α→γ phase transformation), alloy C has the 

highest values of specific heat and alloy E has the lowest values of specific heat. The specific heats of studied 

alloys increase, when the contents of chromium and nickel increase. As for alloys E and F, which have the 

high content of chromium and nickel, alloys have the similar trend of specific heats, alloy F has higher values 

of specific heats. 

 

Figure 4 Experimental values of specific heats of 

alloys A, B, C, D, E and F in the temperature range 

890 - 1,485 ºC 

 

Figure 5 Experimental values of specific heats of 

alloys A, B, C, D, E and F in the temperature range 

1,485 - 1,580 ºC 

From the Figure 4 we can see, that experimental values of specific heat are 0.56 - 0.80 J/ K·g in the 

temperature range 890 - 1,485 ºC (except the temperature range of γ→δ phase transformation), alloys A, B, 

C, D have the highest identical values of specific heat and alloy E has the lowest values of specific heat. The 

specific heats of studied alloys increase, when the contents of chromium and nickel increase. As for alloys E 
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and F, which have the high content of chromium and nickel, alloys have the similar trend of specific heats, 

alloy F has higher values of specific heats. 

From the Figure 5 we can find out, that experimental values of specific heat are 0.64 - 0.86 J/ K·g in the 

temperature range 1,485 - 1,580 ºC (except the malting range), alloy C has the highest values of specific heat 

and alloy E has the lowest values of specific heat. The specific heats of studied alloys increase, when the 

contents of chromium and nickel increase. As for alloys E and F, which have the high content of chromium and 

nickel, alloys have the similar trend of specific heats, alloy F has higher values of specific heats. 

In accordance with received data of dependence specific heats on temperature and content of studied alloys, 

we can find out next regularities: the specific heats increase, when the contents of chromium and nickel 

increase in all temperature interval, except the temperature range 550 - 730 ºC (specific heats of studied alloys 

increase, when the content of chromium increases, the specific heats decrease, when the content of nickel 

increases).   

4.3. Phase transformations temperatures depending on the content of studied alloys  

Experimental and theoretical values of phase transformations temperatures of studied alloys are in Table 2.  

Table 2 Experimental and theoretical values of phase transformations temperatures of studied alloys  

T °C DSC JMatPro TC T °C DSC JMatPro TC 

  A       B     

T α→γ,S 773 - - T α→γ,S 772 - - 

T α→γ,E 795 760 766 T α→γ,E 794 757 763 

T γ→δ,S - - - T γ→δ,S - - - 

T γ→δ,E - - - T γ→δ,E - - - 

TS 1,507 1,501 1,516 TS 1,505 1,501 1,516 

TL 1,517 1,517 1,518 TL 1,516 1,514 1,518 

TC 759 - - TC 759 - - 

  C       D     

T α→γ,S 865 - - T α→γ,S 866 - - 

T α→γ,E 881 861 860 T α→γ,E 881 862 861 

T γ→δ,S 1,343 1,344 1,346 T γ→δ,S 1,344 1,347 1,350 

T γ→δ,E 1,356 1,356 1,355 T γ→δ,E 1,350 1,360 1,360 

TS 1,521 1,516 1,529 TS 1,521 1,515 1,529 

TL 1,527 1,529 1,531 TL 1,527 1,529 1,531 

TC 774 755 755 TC 774 755 755 

  E       F     

T α→γ,S 736 - - T α→γ,S 732 - - 

T α→γ,E 765 733 736 T α→γ,E 766 736 740 

T γ→δ,S - - - T γ→δ,S - - - 

T γ→δ,E - - - T γ→δ,E - - - 

TS 1,504 1,496 1,492 TS 1,496 1,492 1,505 

TL 1,509 1,511 1,511 TL 1,510 1,511 1,512 

TC - - - TC - - - 
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Experimental values were detected from DSC curves and theoretical values were obtained by SW Thermo-

Calc and SW JmatPro and compared with experimental values. The start and end of α →γ transformation are 

marked as Tα→γ,S and Tα→γ,E, the start and end of γ→δ transformation are marked as T γ→δ,S and T γ→δ,E, the 

temperature of liquidus and solidus are marked as TL and TS, the Curie temperature is marked as Tc. 

From Table 2 we can find out, that alloy F has the lowest experimental Tα→γ,S and alloy D has the highest 

Tα→γ,S, it is impossible to determine theoretical values of Tα→γ,S by SW Thermo-Calc and SW JmatPro. As for 

Tα→γ,E, alloy E has the lowest value and alloy D has the highest value. Some values of Tc are presented in 

Table 2. Sometimes it is impossible to define the Curie temperatures, because it is hidden in α →γ 

transformation. As for γ→δ phase transformation, it was just in alloys C and D, which have the highest contents 

of chromium. Alloy C has the lowest values of T γ→δ,S, as for T γ→δ,E, there is no ambiguous trend. Alloy F has 

the lowest TS and alloys C and D have the highest TS. Alloy E has the lowest TL and alloys C and D have the 

highest TL.  

Analyzing the Table 2, we can see, TL has the lowest deviation of experimental values of from theoretical 

values (0 - 0.3 %), Tα→γ,E has the highest deviation (2.2 - 4.7 %). In accordance with received data of phase 

transformations temperatures depending on the content of studied alloys, we can find out next regularities: 

with increase of content of nickel Tα→γ,S, Tα→γ,E, TS, and TL decrease, with increase of content of chromium 

Tα→γ,S increases and T γ→δ,S decreases. As for other phase transformation temperatures, there are no obvious 

trends.  

5.  CONCLUSION  

In the presented paper specific heats and phase transformations temperatures of six alloys based on iron, 

nickel, carbon and chromium were studied in high-temperature area. Experimental values were gotten by DSC 

method using Setaram MHTC 96 Line with a 3D DSC sensor and compared with theoretical values calculated 

by use SW Thermo-Calc and SW JmatPro. New original experimental data were obtained for studies alloys. 
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Abstract  

Considerable amounts of Fe-containing fine dusts are generated in an integrated steel mill, mainly at the blast 

furnace (BF) and the basic oxygen furnace (BOF). Limitations in dust recycling via the sinter plant arise 

especially from the limit for Zn in the BF feed. Therefore, dust with an elevated Zn content is usually discharged 

to landfill, resulting in considerable losses of Zn. In this study the possibilities for increased internal dust 

recycling in integrated steel mills by implementing air classification of dusts are discussed. The aim of this 

concept is to avoid landfill of steel mill dust by recycling of the Fe in the steelmaking process while producing 

a Zn-enriched by-product that can be utilized in secondary Zn production. Since the distribution of Zn in the 

dusts is not even but depends on the size of the particles, air classification can be applied to separate dusts 

into a coarse Zn-depleted size fraction and a Zn-enriched fine fraction. Low-Zn content coarse fractions of the 

dusts can be recycled in ironmaking, medium-Zn content dust fractions could be recycled in steelmaking, 

where the Zn input is not as limited as in ironmaking and Zn-rich fine dust fractions with a Zn concentration 

high enough for use in secondary Zn production could be recycled there. 

Keywords: Integrated steel mill, dust recycling, zinc 

1. INTRODUCTION 

In integrated steel mills the production of steel involves two main steps: in a first step iron is produced based 

on the processing of iron ore (ironmaking). In a second step the liquid iron is converted into steel (steelmaking). 

In ironmaking usually two process units in series are needed, the sinter plant and the blast furnace (BF). The 

BF provides the liquid iron or hot metal by reducing the iron ore into metallic iron. In the sinter plant fine grained 

iron ores are agglomerated together with fluxes and iron-rich in-plant return fines to sinter as charge material 

for the BF. In steelmaking steel is produced in the basic oxygen furnace (BOF) by removal of the dissolved 

carbon from the liquid iron by blowing oxygen onto the liquid bath. The heat of this exothermic reaction is used 

to melt the cooling scrap, which is charged into the converter together with the liquid iron.  

In all three process units, considerable amounts of dust-containing off-gases are produced. The off-gas from 

the processes has to be dedusted in a so-called primary dedusting system before it can be released to the 

atmosphere in case of the sinter off-gas or before it can be used as fuel in case of BF top gas and BOF off-

gas [1]. For the dedusting of BF top gas and BOF off-gas often two-stage dedusting systems are applied, 

where the coarse dust is separated from the off-gas in the first dedusting stage and the fine dust is separated 

in the second stage. Additionally, dust has to be separated from the shop ventilation air in so-called secondary 

dedusting systems. These are the room dedusting system of the sinter plant, the cast-house dedusting of the 

BF and the secondary dedusting system of the BOF shop. For dedusting in steel mills dry dedusting systems 

are increasingly used. However, in BF and BOF primary dedusting also wet systems are still common. 

The residues from dedusting are finely granular materials, which contain iron as the main component. 

However, the dusts also contain other components. An important element contained in the dusts is Zn. Some 

Zn enters the steel mill with the iron ore as a minor constituent. Higher amounts of Zn are often contained in 

the cooling scrap. Therefore, the level of Zn can be higher in the BOF dust compared to the BF dust or sinter 
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dust. The liquid steel and the slags contain a minimal amount of Zn. Therefore, Zn that enters the process has 

to leave the steel mill mainly with the dusts. 

The aim of this work is to discuss how dust recycling can be optimized by applying classification of the residues 

to reduce Zn recirculation. 

2. DUST RECYCLING IN INTEGRATED STEEL MILLS 

The dusts and sludges which result from off-gas dedusting in ironmaking and steelmaking are usually utilized 

by recycling to the feed of the sinter plant. However, especially Zn is an unwanted component in the feed 

material to the sinter plant because it causes operation problems in the subsequent BF. The typical limit for 

Zn in the charge of the BF 100 - 150 g/t of hot metal produced [1]. Therefore, dusts with a higher Zn content 

often have to be excluded from recycling and are discharged to landfill sites. If the zinc content of a residue is 

very high it can be sent to pyrometallurgical processing [2,3], for example in a Waelz kiln, for subsequent 

recovery of Zn in secondary zinc production. However, this is more usual for dusts from EAF steelmaking, 

because the zinc content of EAF dust is significantly higher [1,4]. 

An alternative way of utilization of dust with a higher Zn content in an integrated steel mill is charging it into the 

BOF after agglomeration by briquetting or pelletizing [5,6]. To limit the amount of sulfur fed to the BOF the 

agglomerates can be charged into the deS station [7].  

Figure 1 shows an overview of the dust and sludge recycling paths in an integrated steel mill. The black solid 

flow lines show the typical flow of the dedusting residues, while the grey solid lines represent the recycling of 

agglomerated BOF dedusting residues back into the furnace, which is in use in some steel mills. The dashed 

lines show the flow lines of an optimized recycling concept applying air classification.  

 
Figure 1 Process flow diagram for an upgraded internal dust recycling in integrated steel mills; left side: 

ironmaking; right side: steelmaking 

The dust from the sinter plant (A) is recycled in most sinter plants [1,8]. Its Zn content is rather low because of 

the process conditions in the sintering process where Zn contained in the ore is scarcely volatilized [9].  

The BF dust from the first dedusting stage of the primary BF dedusting system (B) can usually be recycled via 

the sinter plant because of its low Zn content. In contrast, the recycling of the residue from the second stage 

dedusting (C) is limited often by the Zn content [1,10,11] and therefore is sent to landfill (X). In case of a wet 
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dedusting system hydrocyclones (1) are applied in some BF plants to recover a coarse, zinc-depleted fraction 

of this sludge for recycling [12,13]. If a dry dedusting system is applied the use of air classification has been 

suggested [14,15] for the same purpose. The residue from the BF secondary dedusting system is mostly 

recycled to the sinter plant but sometimes it has to be sent to landfill (X) [16,17]. 

The dust or sludge from the BOF primary 2nd stage (F) and secondary off-gas dedusting (G) systems is often 

discharged to landfill (X) [10,11] because of its Zn content, while the dust from the primary 1st stage dedusting 

system (E) can be recycled via the sinter plant (Y). In few BOF plants the residues are recycled back into the 

BOF (D) after agglomeration by briquetting or pelletizing [1,5,6,18]. In these plants recycling serves to increase 

the Zn concentration of the BOF dust. When the concentration has reached a certain limit the dust or sludge 

is sent to landfill or it is processed for Zn recovery in external plants. The amount of dust which has to be 

discharged is thereby reduced since the amount of Zn in the dust is defined by the amount that enters the steel 

mill.  

A disadvantage of recirculating Zn-containing material in pyrometallurgical processes is the increased 

consumption of energy and reduction agent because the volatilization of Zn takes place via the reduction to 

metallic Zn. When the Zn vapor is oxidized and re-condensed in the off-gas system the reaction enthalpy is 

released there thus increasing the off-gas cooling requirements. Therefore, the number of cycles a Zn atom 

has to go through before it leaves the steel mill has should be minimized. 

3. OPTIMIZEED DUST RECYCLING FOR REDUCED ZINC RECIRCULATION 

The Zn concentration of different size fractions of a BF dust or a BOF dust significantly depends on the size of 

the particles [15,19-22]. The results of recent studies are summarized in Figure 2. This dependence is also 

the basis for the application of hydrocyclones to split the BF sludge into a coarse Zn-depleted fraction and a 

fine Zn-enriched fraction. 

Currently, Zn enrichment by classification is applied only for the treatment of BF sludge. However, according 

to the results summarized in Figure 2 classification could also be used for the treatment of other dedusting 

residues to increase dust recycling and reduce Zn recirculation. In the case of dry dedusting residues air 

classification would be a suitable method. Sieving in not applicable because of the fineness of the dusts. 

 

Figure 2 Size dependence of the Zn concentration of various steel mill dusts 
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For sustainable production the iron should be returned into one of the ironmaking or steelmaking processes. 

The most suitable point for recycling of carbon is the sinter plant or the BF. The Zn should be used in secondary 

Zn production. For this external utilization a high Zn content of the discharged residue is favorable.  

In the proposed upgrade the currently discharged dedusting residues with a medium zinc content - marked 

with an X in the flow diagram Figure 1 - would be air-classified into two size fractions each. In the ironmaking 

section (Figure 1, left side) the low-zinc content coarse fraction could be recycled via the sinter plant (Figure 1, 

black dashed lines). The zinc-enriched fine fraction would be transferred to the steelmaking section (Figure 1, 

right side, blue dashed lines), where the zinc input is not as limited as in the ironmaking section. The 

agglomerates containing these dusts might be introduced into the desulfurisation unit of the BOF plant in order 

to avoid increased sulfur input into the BOF. The dusts from the BOF would also be air-classified. The zinc 

depleted coarse fraction would be recycled into the BOF, while the zinc enriched fine fraction could be sent to 

secondary zinc production (Figure 1, grey dashed lines). 

Air classification of the dusts from the ironmaking process has been proposed to split the dusts into two size 

fractions: a Zn-poor coarse size fractions and a Zn-enriched fine size fraction [23]. Thereby, the amount of 

recycled Zn can be reduced or the amount of recycled dust can be increased at a constant amount of Zn in 

the recycled dust. This system could be extended by applying air classification also to steelmaking dust. For 

optimized operation of the classification unit on-line Zn measurement [24] of the produced size fractions could 

be used to control the operation of the air classifiers.  

4. CONCLUSION 

Utilization of fines for off-gas dedusting in integrated steel mills can be increased by the use of air classification. 

This is because the Zn concentration in the dusts depends on the particle size. Regardless of the Zn content 

of the dusts, the fine fractions of the dusts are Zn-enriched. Thus, air classification can be applied to produce 

Zn depleted and Zn-enriched fractions, which enables optimization of the recycled dust mass flows. 
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Abstract  

Lead and chromium removal from water solutions using the basic oxygen furnace slag was investigated. 

Calcium, iron, and silica were the main components of the slag. The samples were characterized by means of 

the thermal, surface, and mineralogical analysis and infrared spectroscopy. The experiments were performed 

at the ambient temperature. Chromium adsorption proceeded according to the Langmuir isotherm and lead 

adsorption proceeded according to the Freundlich isotherm. The sorption capacity over 150 mg/g was reached 

for chromium and the value was higher than 250 mg/g for lead. Kinetic data were analysed using the pseudo-

first, pseudo-second and intra-particle diffusion models. Adsorption data of chromium were correlated with the 

pseudo-second-order kinetic model and lead sorption was very quick and the models could not be applied. 

Keywords: Chromium, lead, slag, adsorption 

1. INTRODUCTION 

Lead and chromium belong among the most toxic heavy metals contained in the wastewater [1]. Because of 

their high solubility, they tend to accumulate in the food chain and can be absorbed by living organisms [2]. 

Electroplating and metal surface treatment processes generate significant quantities of wastewaters containing 

heavy metals. Metallurgical wastes or fertilizers are also sources of heavy metals. Heavy metal removal from 

inorganic effluent can be achieved by conventional treatment processes such as chemical precipitation, ion 

exchange, and electrochemical removal. Adsorption has become one of the alternative treatment techniques 

for wastewater laden with heavy metals. Various low-cost adsorbents, derived from agricultural waste industrial 

by-product, natural material, or modified biopolymers have been recently developed and applied for the 

removal of heavy metals from metal-contaminated wastewater [3]. Chromium and lead sorption onto slag was 

studied e. g. in [4]. Simultaneous sorption of Ni, Cr, Cd and Pb ions using clay was investigated in [5]. The 

sorption capacities usually reach maximum 100 mg/g using untreated natural materials. The kinetic studies 

were carried in [6-9]. The aim of this study was to measure the sorption capacity of the basic oxygen furnace 

slag and the kinetics of the chromium and lead sorption. 

2. EXPERIMENTAL 

2.1. Materials and methods 

The initial stock solution of Pb(II) and Cr(III) with the concentration of 1000 mg dm-3 was prepared by dissolving 

Pb(NO3)2 and Cr(NO3)3•9H2O in deionized water. 50 dm-3 of the solutions of various concentrations were 

prepared by dilution in distilled water. The steel-making slag was ground using the epicyclic ball mill RETSCH 

and sieved. The fraction under 0.1 mm was used. 0.1 - 1g of the slag was put into the plastic bottles and 

treated for 0.5 - 48 hours. The leaching experiments were carried out at the ambient temperature (22±2°C) in 

a shaker at 180 rpm. After the filtration, the solutions were analysed using AAS. The crystalline phases of the 

slag were identified by the powder diffractometer MiniFlex600 with Co lamp 600 W, Theta / 2 Theta), Rigaku, 

Japan. The infrared (IR) spectra of some samples were measured on FT-IR spectrometer Nicolet iS50 
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(ThermoScientific, USA) with DTGS detector by potassium bromide pellets technique in spectral region 4000-

400 cm-1. The surface analysis was carried out using physisorption of nitrogen on Sorptomatic 1990, Thermo 

Finnigan, Italy. Thermal analysis was performed using TA Instruments Discovery SDT 650 with autosampler, 

heating rate 10oC/min, air, sample weight 20 mg.  

2.2. Results and discussion 

The chemical composition of the slag can be seen in Table 1. The mineralogical composition is shown in 

Figure 1. 

Table 1 Chemical composition of the slag determined by AAS and XRF (wt %) 

Ca Mg Fe Mn Al Si Zn Cr Pb Cd 

21.8 4.1 28.3 4.4 1.4 6.7 0.10 0.28 0.028 0.0014 

 
Figure 1 XRD patterns of the steel-making slag before sorption 

1 - FeO (89-0686) Wustite, 2 - Fe3O4 (75-0449) Magnetite, 4 - MgO (85-5625) Periclase, 5 - Ca2(SiO4) (83-

0464) Larnite, 6 - Ca12Al14O33 (48-1882) Mayenite, 7 - Ca2FeAlO5 (72-7995) Brownmillerite, 8 - Ca(Fe 

0.77Mg 0.22)(SiO4) (87-2073) Kirschsteinite 

The surface analysis of the slag showed that the specific surface is 6 m2/g, the mesopores volume 0.074 cm3/g 

and the micropores volume 0.003 cm3/g. The slag can be characterized as almost non-porous.  

Figure 2 presents the results of the thermal analysis of the basic oxygen furnace slag. The first mass loss at 

60-400°C is associated with the dehydration and dehydroxylation of various hydrates which need not be seen 

during the XRD analysis because of their amorphous character. The second mass loss starting at 640°C can 

be attributed to the decomposition of CaCO3. It was not found during XRD analysis, but carbonates were 

identified during FTIR analysis. The last weight increase starting at 700°C can be probably attributed to the 

magnetite - hematite oxidation. 
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The results of the FTIR analysis can be seen in Figure 3. The most of spectral bands presented in IR spectra 

belong to O-H vibration of water. The spectral bands above 3,000 cm-1 belong to stretching vibration of O-H 

group of water.  The weak and narrow bands above 3,600 cm-1 can be assigned to O-H stretching vibration  

of water in lattice of inorganic compounds (inorganic hydrates). The very broad and intensive band at  

3,332 cm-1 in the sample Cr (and a weak but relative broad band at 3,437 cm-1 in the sample Pb) is assigned 

to stretching vibration of O-H of physical adsorbed water. Also, another bands can be assign to vibration of  

O-H of physical adsorbed water. The band of deformation (in-plane) O-H vibration of physical adsorbed water 

are presented at approx. 1,650 cm-1 (weak band at 1,664 cm-1 in the Slag sample; weak band at 1,658 cm-1 in 

the Blank sample; weak band at 1,634 cm-1 in the Pb sample; and broad band at 1,631 cm-1 in the Cr sample). 

The deformation (out-of-plane) O-H vibration of physical adsorbed water could be seen at approx. 500 cm-1. 

In the samples Slag, Blank, and Pb, this band only makes deformation of spectral baselines in this region.  

The broad strong band of this vibration completely overlap above mentioned spectral region in the sample Cr. 

The band of this vibration is present in all spectra. The bands are clearly presented in samples Slag, Blank, 

and Pb; completely overlap by broad band of out-of-plane deformation vibration of physical adsorbed water 

are in sample Cr. The spectral bands at approx. 1,450 cm-1 (E’), 875 cm-1 (A2’’), and 715 cm-1 (E’) are due to 

vibration of carbonates. The data in parentheses indicate the group of symmetry mentioned vibrations. All 

these bands are presented in the sample Slag and Blank; only two bands (at 1,417 cm-1 and at 876 cm-1) are 

presented in the sample Pb; and only one band (at 1469 cm-1) is presented in the sample Cr. A narrow band 

at 1,385 cm-1 (in the spectrum of sample Pb) belongs to stretching vibration of nitrates. 

To verify the possibility to use this material for the heavy metals’ removal, a blank experiment was carried out. 

1g of the slag was leached with 50 mL of water for 24 h. The solution contained 208 mg/L of calcium, 0.37 

mg/L of iron and less than 0.1 mg/L of cadmium, chromium, manganese, zinc, and lead. The pH value was 

11.64. A great amount of calcium and small part of iron pass to the leach liquor from the adsorbent. 

 
Figure 2 Thermal analysis of the original slag 

Three kinetic models were tested -pseudo-first order (equation 1), pseudo-second order (equation 2) and intra-

particle diffusion (equation 3). 

lnGHI − H�J = KLHI − ��M              (1) 

�NO = ��NP� + �NI               (2) 

H� =  �� M1.R + �               (3) 
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K1 is the rate constant for the pseudo-first-order model equation (min−1), k2-the rate constant for pseudo-

second-order kinetic model equation (g/(mg min), kid is the rate constant of the intra-particle diffusion (IDP) 

model equation (mg/(g・min1/2), and C (mg/g) is a constant for intra-particle diffusion proportional to the extent 

of boundary layer thickness. Qt is the sorption capacity in the time t (mg g-1) and qe is the equilibrium sorption 

capacity. The results of the kinetic measurements for chromium are presented in Figure 4. 0.2 g of the slag 

and 50 dm-3 of the solution of chromium (III) with the initial concentration of 500 mg dm-3 was used. The best 

fit was obtained for the pseudo-second order sorption model. The rate constant was 0.0000432 g mg-1 min-1.  

.  

Figure 3 FTIR spectra of the slag before and after the adsorption 

 
Figure 4 Application of the pseudo-second order sorption model to the kinetic data for 0.2 g of the slag and 

50 dm-3 of the solution of chromium with the initial concentration of 500 mg dm-3  

The sorption capacities were evaluated according to the Freundlich isotherm (equation 4) and Langmuir 

isotherm (equation 5). Lead sorption proceeded according to the Freundlich isotherm (corelation coefficient 

0.968) and the Freundlich equilibrium constant was 0.755 for 1g of the slag and various initial concentrations. 

The sorption capacities were dependent on the pH value which was increasing with the slag amount. The 

maximum sorption capacity for lead was about 260 mg g-1 (Figure 5). The Langmuir isotherm was more 

suitable for the chromium adsorption process (corelation coefficient 0.9654). The maximum sorption capacity 

was approximately 150 mg g-1 (Figure 6). 
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ln H = ln ST + �U ∙ ln WI              (4) 

 XPN = �Y∙NZ + �NZ ∙ WI              (5) 

3. CONCLUSION 

Chromium and lead removal from water solutions using the basic oxygen furnace slag was investigated. The 

calcium-silicate slag, which is usually deposited in dumping ground, was used for heavy metals sorption after 

drying, milling, and sieving. The fraction under 0.1 mm used for the leaching experiments was characterized 

by XRD, IR, surface, and thermal analysis. Adsorption data of chromium were correlated with the pseudo-

second-order kinetic model equation. The rate constant was 0.0000432 g mg-1 min-1. Lead was adsorbed very 

quickly. The sorption process of lead proceeded according to the Freundlich isotherm and that of chromium 

according to the Langmuir isotherm. The sorption capacity over 150 mg/g was reached for chromium. The 

maximum sorption capacity for lead was about 250 mg/g. 

 
Figure 5 Adsorption of Pb(II) onto slag after 24 hours (initial concentration 10-1,000 mg dm-3) 

 

Figure 6 Adsorption of Cr(III) onto slag after 24 hours (initial concentration 200-1,000 mg dm-3) 
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Abstract 

Bentonite is widely used in various branches of industry due to its special properties like low hydraulic 

conductivity, high sorption capacity, low permeability. High temperature stability of bentonite determines its 

usefulness for industrial applications. The thermal stability of the bentonite from Lower Silesia region (Wilków, 

Pogórze Kaczawskie, SW Poland) has been tested at various temperatures between 100 °C and 800 °C. Raw 

bentonite sample contained montmorillonite (47 %), magnesioferrite (30 %), orthoclaste (11 %) and goethite 

(8 %). Decomposition of bentonite at high temperatures was followed by Mössbauer spectroscopy 

investigations. The changes in the Mössbauer spectra well reflected various phases of decomposition and 

transformation, because Fe-bearing minerals make up the majority (89 %) in all present phases of the 

investigated bentonite. At a temperature of 400 °C the process of dehydroxylation of montmorillonite started, 

and continued up to 700 °C. The recrystallization of montmorillonite to illite was observed in a temperature 

above 700 °C. In a temperature range from 400 °C to 500 °C conversion of goethite to hematite took place. 

Mössbauer spectrum obtained after heating at 800 °C showed hematite as the main iron oxide phase with 

approximately the same relative ratio of iron oxides and hydroxides as in the starting material. 

Keywords: Bentonite, high temperature affects, Mössbauer spectroscopy, Fe-bearing minerals 

1. INTRODUCTION 

Bentonite is defined as a naturally occurring material that consists predominantly of the clay mineral, 

montmorillonite [1]. Bentonite may also contain a small amount of other mineral matter, usually quartz, 

feldspar, volcanic glass, organic matter, gypsum, or pyrite and various iron oxides/hydroxides [2]. However, 

the presence of smectites determines the suitability of bentonite for industrial applications [1,3,4]. The main 

physical properties of montmorillonite include low hydraulic conductivity [5], high sorption capacity [6], and low 

permeability [7]. High temperature affects changes in cation-exchange capacity, pore structure, and catalytic 

activity as well as the chemical composition of the particles and the mineralogy of bentonite. Therefore, a 

thermal stability of bentonite as well as changes in microstructure determine the usefulness of it for industrial 

practice [9,10]. In practice, there are a lot of various methods typically used for the bentonite thermal stability 

determination. One group of the methods is based on application of instrumental analytical methods, DTA/TGA 

analysis and/or X-ray diffraction analysis in particular [3,8,9]. However, there are only a few studies of bentonite 

in which Mössbauer spectroscopy was used [10-12] and practically, there are no studies which use this 

technique to investigate high temperature properties of bentonite.  

Knowledge about thermal stability of bentonite and, precisely speaking, all its components, is important for 

industrial applications. For this reason, the purpose of this study is to investigate the mineralogy and high 

temperature transformations of bentonite under oxidative (in air) conditions. For these studies the 57Fe 

Mössbauer spectroscopy will be used. It is well known that the Mössbauer spectroscopy method as a local 
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probe technique [13,14] is very sensitive to the local atomic structure, its local deformation, and atomic or 

lattice defects when treating the Fe nucleus as a probe of its local surrounding.  

2. MATERIALS AND METHODS 

A native bentonite originating from the Lower Silesia region (Wilków, Pogórze Kaczawskie, SW Poland), which 

forms the eastern part of the Central European Volcanic Province and supplied by PGP “BAZALT” SA. The 

material was divided by manufacturer into three groups with different granulations: 0 - 0.063 mm, 0-2 mm and 

2 - 5 mm. These granulations are commonly used by the manufacturers because it is useful for filling various 

holes (for example). The sample with 0 - 2 mm granulation was chosen for thermal investigation. Sample was 

heated for three hours in an electric furnace on air atmosphere under static conditions in temperature range 

from 100 °C to 800 °C. After each heating treatment, the Mössbauer measurement was taken. 

The chemical composition was determined by the use of X-ray fluorescence (XRF) from ZSX Primus II Rigaku 

spectrometer. The spectrometer, equipped with the 4 kW, 60 kV Rh anode and wavelength dispersion 

detection system, allowed for the analysis of the elements from Be to U. No external standards were necessary, 

only the internal standards coupled with the fundamental parameters method (theoretical relationship between 

the measured X-ray intensities and the concentrations of elements in the sample) were implemented. 

To confirm presence of montmorillonite structure in the investigated samples and identify other minerals in the 

samples after the heating procedure, the XRD studies were done. X-ray diffraction studies were conducted at 

room temperature by the use of a Siemens D5000 X-ray diffractometer and CuK radiation. Rietveld refinement 

was performed in a licensed Xpert High Score Plus with PDF-4 crystallography database. 

57Fe Mössbauer transmission spectra were recorded at room temperature with an MS96 Mössbauer 

spectrometer. The spectrometer was calibrated with a 30 m thick α-Fe foil. Numerical analysis of the 

Mössbauer spectra was performed by means of the WMOSS4F program (Ion Prisecaru, WMOSS4 Mössbauer 

Spectral Analysis Software, www.wmoss.org, 2009-2016) based on least squares fitting of Lorentzian lines. 

The analysis made it possible to determine both hyperfine parameters of individual components and relative 

contribution from the spectral areas of each of them. 

3. RESULT AND DISCUSSION 

Figure 1 presents contents of the elements in the investigated bentonites with different granulation determined 

by X-ray fluorescence (XRF) method. These analysis indicated that chemical composition of all the 

investigated bentonites is almost the same and does not depend on the granulation. The analyzed materials 

contained mainly Si (~19.46 mass%), Fe (~12.48 mass%) and Al (~10.12 mass%) which, just as C, Mg, Ca or 

O, are elements of minerals present in bentonite.  

Figure 2 presents X-ray diffraction patterns obtained for the sample with 0-2 mm granulation of raw material 

and after heating at temperature 700 °C. Montmorillonite accounts for about 47 %, magnesioferrite 30 %, 

orthoclase 15 % and goethite 8 % of the whole sample. After heating at 700 °C the peak at 2 = 5.74o (the 

initial sample), which corresponds to 001 basal reflection in montmorillonite, disappeared and the distinct peak 

at 9.16o is observed. This peak indicates dehydrated phase [15]. This peak is broad and its intensity is low 

compared with the previous one. Since the peak intensity is a precise indicator of the surface extent and of the 

number of atoms of this surface, it makes it possible for the crystallinity of a clay mineral to be assessed by 

the intensity of the 001 reflection [16]. Thus, high temperature might be responsible for the formation of a wide 

variety of smaller plans randomly orientated by fragmentation of 001 plans or even partial decomposition of 

montmorillonite structure what can confirm diffraction lines connected with illite (Ill) and quartz (Qtz). Also, after 

heating bentonite sample at 700 °C one can observe diffraction lines attributed to hematite as a product of 

goethite dehydration and magnesioferrite transformation. After heating at this temperature, montmorillonite 

averages 31 %, hematite 21 %, orthoclase 14 %, magnesioferrite 13 %, quartz 13 % and illite 8 %.  
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Figure 1 Elements concentration higher than 1 mass% and smaller than 1 mass% (insert) of the investigated 

bentonite samples with different granulation 

 
Figure 2 XRD patterns of the initial and heated at 700oC bentonite sample. Symbols: Mnt - montorillonite, 

Mfr - magnesioferrite, Gth - goethite, Or - orthoclaste, Hem - hematite, Ill - illite, Qtz - quartz. 

 
Figure 3 Mössbauer spectra obtained for raw bentonite samples with different granulation. Fitted 

components, their assignment and contributions are indicated on the spectra. 
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The results of the Mössbauer analyses (Figure 3) of the row bentonite samples show three magnetic Fe3+ 

sites and two non-magnetic, Fe3+ and Fe2+, sites. Granulation of the sample almost did not influence on 

contribution of fitted components. Two sextets with hyperfine magnetic field of about 44 T and 48 T are 

connected with magnesioferrite [17] and result from Fe3+ on the tetrahedrally (A) sites and Fe3+ on the 

octahedrally (B) sites (respectively) of its spinel structure [18]. The Mössbauer hyperfine parameters of the 

third sextet, with hyperfine magnetic field ~38T, could be interpreted to goethite [17,18]. The main component 

on all the Mössbauer spectra is a ferric quadrupole doublet with isomer shift value of about 0.36 mm/s and 

quadrupole splitting ~0.57 mm/s associated with Fe3+ ions located in trans-OH octahedral sites in 

montmorillonite structure [11,12,17]. Second doublet, with very low intensity, is probably connected with Fe2+ 

ions also located in montmorillonite structure. As can be seen, the investigated bentonites contain quite a large 

fraction of magnetic phases (~45 %) in comparison to these present in literature [12]. Such differences in 

composition can be a result of the geochemical conditions during formation of bentonite.  

 
Figure 4 Mössbauer spectra obtained after heating of bentonite sample at definite temperatures. Fitted 

subspectra, their assignments and contributions are visible on the spectra. 

Figure 4 shows room temperature Mössbauer spectra obtained for the sample heated up to temperature 

800 °C. There is no significant change of Mössbauer spectrum up to a temperature of 400 °C. However, after 

heating at this temperature a decrease in contribution of goethite is observed and on Mössbauer spectrum 

appears a sextet with hyperfine magnetic field of 49.4T associated with hematite [17]. In this temperature 

starting conversion of goethite to hematite. Dehydration of goethite involves removal of hydrogen and one 

quarter of the oxygen, without disturbing the network of the remaining oxygen, and atomic rearrangement of 

Fe3+ to form hematite [19]. This process takes place in a wide temperature range, and up to a temperature 

500 °C small remainder of goethite was still observed. The concentration of montmorillonite is almost constant 

up to temperature 600 °C but a detailed analysis of Mössbauer spectra indicates changes, which take place 
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inside its structure influenced by high temperature. After heating at 400 °C the contribution of the main doublet 

decreases and the second doublet with high quadrupole splitting (QS) value of 1.04 mm/s appears. Two of the 

observed doublets, in place of one, on the Mössbauer spectrum do not correlate with the two different 

crystallographic sites but depend on a number of different cation arrangements around a crystallographic site. 

The increase in the quadrupole splitting relates to an increase in the electric field gradient at the iron nuclei 

that may be caused by the distortion of the symmetry of the Fe octahedra due to local cation environments 

around these cations. On the basis of this observation we can assume that at this temperature the process of 

dehydroxylation, where the adjacent OH groups are replaced with a single residual oxygen atom, starts. 

Relatively low observed temperature of dehydroxylation let classify investigated bentonite as formed by 

weathering of other minerals (primarily micas) [7] while those which undergo dehydroxylation at 700 °C 

originating from the weathering of volcanic. After heating at temperature 500 °C on Mössbauer spectrum 

doublet connected with trans-OH octahedral sites was not visible, but a doublet with larger (1.60 mm/s) 

quadrupole splitting come up. Presence of such doublet proclaims that the octahedral positions are completely 

distorted. After heating at 500 °C and 600 °C on the Mössbauer spectra appear doublets with the values of 

isomer shift of about 0.28 and 0.19 mm/s, which are characteristic for Fe3+ in tetrahedral coordination. 

Additionally, on the basis of the literature data [20] we can assume that at this temperatures range migration 

of octahedral cations takes place, notably the migration of Al cations from the trans-sites to vacant pentagonal 

prisms. It can indicates that above these temperatures remodelling of some octahedral polyhedrons take place. 

This process progresses up to a temperature of about 700 °C. On the Mössbauer spectrum obtained after 

heating the sample at temperature 700 °C doublet with isomer shift 0.31 mm/s and quadrupole splitting 0.57 

mm/s is visible. This doublet is related to illite [17] and appears as a result of recrystallization of montmorillonite 

to illite. Mössbauer spectrum obtained for the sample heated at 800 °C contains hematite as main magnetic 

component (35 %). Hyperfine magnetic field for this sextet is equal ~51T. The presence of illite indicate that 

above a temperature of 700oC decomposition of montmorillonite took place. Doublet related to illite is the main 

(~31 %) non-magnetic component visible on the spectrum after heating the sample at 800 °C. The second 

doublet represents a remnant of the montmorillonite (~29 %). However, its hyperfine parameters (IS = 0.31 

mm/s and QS = 1.05 mm/s) differ from these obtained from initial and even dehydroxylated montmorillonite 

what showing the loss of structure by it.  

4. CONCLUSIONS 

The paper illustrates high temperature transformation of Fe-bearing minerals in bentonite using Mössbauer 

spectroscopy technique. The temperature, above which decomposition of crystal phases present in bentonite 

take place, determine its usefulness in various branches of industry. The raw bentonite sample contained 

montmorillonite, magnesioferrite, orthoclaste and goethite. High temperature studies show that all of 

Fe-bearing phases remained unchanged up to a temperature of about 300 °C. It can be important for the 

potential use of this material as bentonite buffer and for its waste repositories function. Heating the sample at 

a temperature higher than 300 °C converts goethite and magnesioferrite to hematite but this process takes 

place in a wide temperature range (above 700 °C). Dehydroxylation process of montmorillonite starts at a 

relatively low temperature, namely above 400 °C, and the breakdown of the clay structure takes place at about 

700 °C. Such knowledge about high temperature stability of clay-mineral fraction is important for the production 

of foundry sand, ceramic or in civil engineering. Above this temperature the recrystallization of montmorillonite 

to illite starts. Hematite is the main iron oxides phase above 700 °C.  
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Abstract 

The subject of this paper is the analysis of phase transformation temperatures, specifically liquidus 

temperature (TL) for steel quality 41Cr4. To calculate the temperatures, 66 different variants of the chemical 

composition of a given steel grade were compiled. The calculations were performed in the CompuTherm 

thermodynamic database using the Lever microsegregation model. The resulting temperatures are further 

supplemented by multiple regression analysis, which considers the dependence on the chemical temperature. 

The results of the regression analysis are used to design a regression equation to calculate the liquidus 

temperature. It is clear from the obtained results that the chemical composition of the steel has a significant 

temperature effect on the change in the calculated values. 

Keywords: Steel, phase, transformation, temperature, liquidus 

1. INTRODUCTION 

Steel changes its phase at different temperatures. The temperatures at which the state changes are referred 

to as the so-called phase transformation temperatures. The liquidus temperature (or melting point) is one of 

the most important phase transformation temperatures of steels. Its knowledge, in combination with the solidus 

temperature, enables the prediction of the tendency of the steel to internal defects, and enables the 

determination of the liquidus temperature of the steel by the correct setting of the steel casting temperature. 

These data are also used to set up numerical models that we model within the department. This knowledge 

allows us to optimize the setting of metallurgical processes and thus increase the quality of the steel produced, 

which is very important with the ever-increasing demands on steel quality [1-3]. 

The temperature of phase transformations is affected by the chemical composition of the steel melt. Most 

elements reduce these temperatures. 

Thermal analysis, dilatometry, or computational methods (using empirically determined equations or software) 

can be used to determine phase transformation temperatures. The results obtained after the computational 

determination of the phase transformation temperatures of the steel should also be verified by experimental 

methods [4]. The aim of this article will be to establish an empirical equation for calculating the liquidus 

temperature of 41Cr4 steel grade. 

2. CHARACTERISTICS OF STEEL GRADE 41CR4 

41Cr4 steel is a chrome manganese steel used in the manufacture of quenched and tempered bars. It is also 

suitable for induction hardening with a minimum hardness of 52HRC [5]. 
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The cold-upsettable steel 41Cr4 can be cold-formed with suitable tools with a low to medium rate of forming 

according to the usual forming methods on single-stage and multi-stage presses. It is used for normed screws, 

driving elements as crankshafts, front vehicle axles, axle journals or steering components. Also used for high-

strength parts manufactured according to drawings (eg. ball studs) [5,6]. The chemical composition of the steel 

used for the calculations is given in Table 1. 

Table 1 Chemical composition of 41Cr4 steel used for calculations [5,6] 

 Chemical composition of steel 41Cr4 (wt%) 

C Si Mn P S Cr 

Range 0.380 - 0.450 ≤ 0.40 0.60 - 0.90 ≤ 0.025 ≤ 0.035 0.90 - 1.20 

Min. 0.380 0.00 0.60 0.000 0.000 0.90 

Avg. 0.415 0.20 0.75 0.013 0.018 1.05 

Max. 0.450 0.40 0.90 0.025 0.035 1.20 

3. CALCULATION OF LIQUID TEMPERATURE USING EMPIRICAL EQUATIONS 

Empirical equations are usually derived by regression analysis from laboratory measured data for a specific 

type of steel. Therefore, the equation determined in this way gives good results only for the studied steel. If 

the chemical composition of the steel changes, the regression equation may not provide a reliable calculation 

of the liquidus temperature in the required accuracy. Another problem may be the simple form of the equations, 

which are often linear composition functions, and thus applicable only to alloys with less diverse chemical 

compositions [7]. 

There are many empirical equations for calculating liquidus temperatures (from several different authors). The 

equations used for our calculations are given in [8] and Table 2 shows the specified liquidus temperatures 

using these empirical equations. 

Table 2 Calculated liquidus temperatures using empirical equations [own study] 

Calculated liquidus temperatures for 41Cr4 steel (°C) 

Empirical 
equations 

TL 

(min. wt%) 

TL 

(avg. wt%) 

TL 

(max. wt%) 

ΔTL 

(min. wt%) - 
(max. wt%) 

T. Myslivec 1,505 1,498 1,492 13 

L. Šmrha 1,500 1,492 1,485 15 

CLESIM 1,498 1,491 1,484 13 

TECTIP 1,498 1,492 1,487 11 

W. Dubovick 1,505 1,500 1,494 11 

J. P. Aymard 1,501 1,493 1,486 15 

W. Roeser 1,510 1,504 1,499 11 

Vest Alpine 1,499 1,492 1,486 13 

VSŽ Košice 1,498 1,492 1,485 13 

From the results given in Table 2, the chemical composition of the steel has a significant effect on the liquidus 

temperature of the 41Cr4 steel. The difference between this temperature at the minimum and maximum 

content of the elements (see contents in Table 1) can in our case be up to 15 °C (in the case of calculation 

using the equation of J. P. Aymard). 
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There is also a difference between the calculated liquidus temperatures based on the empirical equation used, 

which can reach up to 14 °C (in the case of the maximum possible chemical composition). These differences 

are since each of the authors considers the influence of other elements in its equation and uses their various 

multiples. Therefore, for more accurate determination of liquidus temperatures for use in practice, it is 

recommended to verify these values using the available thermodynamic database and experimental 

measurements. 

4. CALCULATION OF LIQUID TEMPERETURES USING COMPUTHERM THERMODYNAMIC 

DATABASE 

The CompuTherm thermodynamic database (version 14.5), which is part of the ProCAST software (version 

2019.0) available at the Department of Metallurgical Technologies, was used to calculate the required phase 

transformation temperatures of 41Cr4 steel. 

This program allows you to calculate the thermophysical properties of steel after entering the chemical 

composition of steel and, if necessary, monitor changes in the required properties after adjusting the chemical 

composition. For the calculation of steel, a calculation based on Fe is used, where it is possible to further 

define the content of these elements: Al, B, C, Co, Cr, Cu, Mg, Mn, Mo, N, Nb, Ni, P, S, Si, Ti, V, W [9]. 

CompuTherm calculations are performed by three different microsegregation models Scheil, Lever and Back 

Diffusion. The Scheil model does not consider solid state diffusion, while the Lever model assumes very good 

solid-state diffusion. Both models assume either complete mixing or infinite diffusion in the liquid. The Back 

Diffusion model is defined by the cooling rate. In the calculations using the Lever model, the change of the 

solid phase of austenite to ferrite is assumed [9]. Cooling rate 1 (K/sec) was used for the calculation using 

model Back Diffusion. The calculated temperatures with all models are given in Table 3. 

Table 3 Calculated liquidus temperatures using the CompuTherm database [own study] 

Calculated liquidus temperatures for 41Cr4 steel (°C) 

CompuTherm 
TL 

(min. wt%) 

TL 

(avg. wt%) 

TL 

(max. wt%) 

ΔTL 

(min. wt%) - 
(max. wt%) 

Scheil 1,502 1,493 1,484 18 

Lever 1,501 1,492 1,484 17 

Back Diffusion (1K/sec) 1,501 1,492 1,484 17 

From Table 3 as can be seen, liquidus temperatures differ very little when using different models (maximum 

1 °C), and all three microsegregation models are therefore suitable for its calculation. The liquidus temperature 

for the minimum content of elements within the given quality is about 1,501 °C, with the maximum proportion 

of elements for a given quality, the liquidus temperature drops to 1,484 °C. 

5. DETERMINATION OF THE REGRESSION EQUATION FOR LIQUID TEMPERATURE 

CALCULATION 

Calculations in the CompuTherm database were used to determine the regression equations. When 66 

different variants of chemical composition were created for 41Cr4 steel. This is the minimum number of 

combinations to include all the possibilities of the minimum, average and maximum content of individual 

elements in the steel and for the subsequent correct regression analysis. The Lever microsegregation model 

was used for the calculation. 
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Regression analysis is one of the statistical methods. It consists in finding the dependencies of variables whose 

dependence expresses regression functions. To determine all regression equations, a multiple regression 

analysis was performed in an Excel spreadsheet, which considers the dependence of a given temperature on 

the chemical composition. The result of the regression analysis is a description of the dependence of the 

variables using a suitable mathematical model [10]. 

When calculating regression, we consider the standard significance level α = 0.05, ie. 5% unreliability of results 

(or 95% reliability). From the results obtained by the analysis, we then evaluate the statistical significance of 

the regression model. With the help of tests and the evaluation of parameters, it is possible to determine which 

aspects have the greatest influence on the change in temperature and which, on the contrary, do not 

substantially change its value. 

Table 4 shows the results of regression statistics. Table 5 shows the analysis of variance and in Table 6 

regression results are recorded (already arranged - according to the t Stat value). 

Table 4 Results of regression statistics [own study] 

Regression Statistics 

Multiple R 
0.996952454 

R Square 
0.993914195 

Adjusted R Square 
0.993295299 

Standard Error 
0.33125827 

Observations 
66 

Table 5 Analysis of variance [own study] 

ANOVA 

  df SS MS F Significance F 

Regression 6 1,057.343991 176.2239986 1,605.948421 2.05985E-63 

Rezidual 59 6.474190439 0.109732041   

Total 65 1,063.818182    

Table 6 Ordered regression results [own study] 

  Coefficients Std Error t Stat P-values 

Constant 1,537.194895 0.956712836 1,606.746389 1.2695E-138 

Si -16.99481253 0.254739804 -66.71439747 2.88339E-57 

C -84.13941014 1.622285348 -51.86474146 6.36701E-51 

Mn -4.95596681 0.398526528 -12.43572626 3.94672E-18 

S -40.59794834 3.300283394 -12.30135218 6.28621E-18 

P -34.77403218 4.342598192 -8.007655934 5.31109E-11 

Cr -1.593962672 0.402908924 -3.956136428 0.000206931 

First, the statistical significance of the regression model will be evaluated. The achieved F-test significance 

level (Significance F) becomes 2.05985E-63, which is a much lower value than the selected significance 

level α. From this it can be said that the chemical composition has a significant overall effect on the liquidus 

temperature, which is characterized by the value R Square (0.994). According to this value, it can be said that 

the total influence of all elements on the liquidus temperature is 99.4 %. The remaining less than one percent 

(0.6 %) expresses the influence of other aspects, which are not the subject of this work. 
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Furthermore, the statistical significance of individual regression coefficients will be evaluated. The regression 

coefficients of all elements acquire lower values in the level of significance of the t test (P-values) than the 

selected level of significance α, therefore they have a statistically significant effect on the liquidus temperature. 

The influence of statistically significant elements on the liquidus temperature decreases according to the t Stat 

column, ie. In this case, silicon has the highest effect on the liquidus temperature of the selected chemical 

composition of the steel and the method of determining the temperature using the CompuTherm 

thermodynamic database. The regression coefficients of the elements have negative signs, which means that 

the liquidus temperature decreases with increasing content of the given element. 

The resulting regression equation for calculating the liquidus temperature of 41Cr4 steel has the following 

form: 

TL = 1,537.2 - 17.0 ∙ (% Si) - 84.1 ∙ (% C) - 5.0 ∙ (% Mn) - 40.6 ∙ (% S) - 34.8 ∙ (% P) - 1.6 ∙ (% Cr) (1) 

where: 

TL - liquidus temperature (°C) 

% X - content of element in steel (wt. %) 

The calculated liquidus temperatures for the minimum, average and maximum representation of elements in 

the chemical composition of a given steel grade are given in Table 7. 

Table 7 Calculated liquidus temperatures using equations, CompuTherm and equation (1) [own study] 

Liquidus temperatures for 41Cr4 steel (°C) 

 
TL 

(min. wt%) 

TL 

(avg. wt%) 

TL 

(max. wt%) 

Empirical equations (Avg.) 1,501 1,495 1,489 

CompuTherm (Lever) 1,501 1,492 1,484 

Regression equation (1) 1,501 1,492 1,484 

6. CONCLUSIONS 

The liquidus temperature, when calculated with the help of empirical equations, for the minimum content of 

elements within the given quality is about 1,501 °C, with the maximum representation of elements for a given 

quality, the liquidus temperature drops to about 1,489 °C. When using the CompuTherm thermodynamic 

database, the liquidus temperature is 1,501 °C, resp. 1,484 °C. When calculating the liquidus temperature with 

our regression equation (1), its values did not differ from the calculated temperatures, so this equation is 

suitable for the calculation of phase transformation temperatures for this steel grade. 

If a given steel grade were to be cast in a continuous manner, then the melting chemical composition would 

play a crucial role in choosing the casting temperature. Furthermore, based on the results obtained, it should 

be noted that if we do not have a thermodynamic database and use empirical equations available in the 

literature to determine liquidus temperatures, then it is appropriate to have more equations and evaluate the 

results both in terms of elements in the equations and the grades of steel for which the empirical equations 

were compiled. In the case of calculation for this quality, the average value of liquidus temperatures is almost 

equal to the values obtained by thermodynamic calculation, but in the case of another quality, averaging may 

not be appropriate. Especially if we consider that in the calculation using empirical equations, the difference in 

liquidus temperature between the equations was up to 14 °C. For this reason, it is appropriate that the 

calculations be best supplemented by experimental studies of phase transformation temperatures. 
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Measurements on real steel samples can reveal material heterogeneity, and thus the effect of chemical 

composition or heating/cooling conditions on the actual liquidus temperature. 
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Abstract  

The article deals with numerical simulations of filling and solidification of ductile iron castings produced in the 

MOTOR JIKOV Slévárna (Foundry). The simulations we performed in the ProCAST simulation software. The 

research analyses the geometry of the gating system consisting of two Branches, with a total of 12 castings 

type “YOKE A”. Each of the Branches contained a different gate shape. The operational partner defined 

operating conditions. Based on it, casting, solidification and stress states were calculated. An analysis of 

selected parameters was then performed to verify the influence of individual shapes of gates on the filling and 

solidification. Some differences in filling and solidification between the individual Branches were found. 

However, these differences are not significant. The findings are discussed in the text of this paper.  

Keywords: Foundry, ductile iron, numerical simulation, ProCAST, gating system 

1. INTRODUCTION 

When analysing foundry defects, it is necessary to realize that one of the causes of their occurrence is an 

unsuitable gating system. The gate is one of the most important mould parts, since all the metal that fills the 

mould cavity flows through it. The gating system purpose is to ensure [1,2]: 

 Uniform, even and continuous filling of the mould cavity at optimum speed 

 Prevent the mould walls and core damage 

 Ensure that all parts of the mould cavity are completely filled with liquid metal.  

 Removal of impurities and slag in the last stage of casting 

 Directional solidification 

The technologists’ main task is to design the best possible gating system with regard to defects occurrence in 

the final castings. It is a demanding task since it is necessary to develop a gating system for every specific 

shape and size of the casting, walls thickness, alloy, etc. [1-4]. Presently, this topic is being dealt with in several 

works, since optimization of a gating system with regard to the final products quality remains a very topical 

theme. For example, by the gating system modification, the relevant work authors [5] managed to ensure the 

castings rejects rate reduction by 20 %. The work [6] analysed the sprue height impact on the resulting 

structure and mechanical properties of a casting. Study [7] analysed the “sprue base“ influence on the mould 

filling course.   

Presently, simulation software provides a significant advantage; using the software, it is possible to predict 

filling and castings solidification and, simultaneously, it allows realization of any change of the gating system 
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geometry, as well as of the casting conditions. Numerical simulations are very popular in the foundry industry. 

For example, study [8] dealt with numerical simulations of an optimized gating system with the aim to suppress 

air entrapment into metal by surface turbulences minimization. Similarly, study [3] also dealt with the gating 

system design and optimization using simulation software. Its goal was to ensure even and level filling of a 

heavy casting. Aim of study [9] was to design a gating system for a turbine casing casting using numerical 

simulations. The resulting design was verified by an experimental melt. The casting has shown a good 

compliance with the numerical simulation The study [10] authors verified various approaches of a casting 

gating system design, with subsequent experiments with hot metal, using numerical simulations. In a similar 

way we could mention many other studies, e.g. [11-22], focused on casting production optimization. 

Presently, the ongoing research at the Environmental research centre of ITB in ČB is focused on optimization 

of a ductile iron casting production. For the relevant purpose operating melts take place, with the aim to assess 

influence and efficiency of the designed and modified production technological processes, out-of-furnace 

processing, casting and thermal processing of ductile irons castings. The research also includes numerical 

simulations in the ProCAST software, focused on the melt properties, on setting of conditions for casting, 

solidification and cooling of ductile iron castings, with the aim to identify and prevent problems in the designed 

production technology, which might result in defects occurrence. This paper presents the numerical simulations 

results, the aim of which was verification of the gate shape on a mould filling and on the resulting castings 

quality. Based on numerical simulations, the results will be further verified within trial operating melts.  

2. EXPERIMENTAL PROCEDURE 

The study proper was focused on the “YOKE A” type casting (see Figure 1), which serves as a valves rocker 

arm in truck motors. The castings are cast gravitationally into bentonite moulds. A non-permanent mould for 

gravitational casting includes 12 pieces of castings in a layout shown on Figure 2. The gating system includes 

two types of gates. Branch 1 includes the original shape gates. Branch 2 includes gates with shape 

modification, shown on Figure 2 on the right. The casting is manufactured from the EN-GJS-700-2 material, 

the general composition of which is shown in Table 1. 

  

 

Figure 1 Geometry of the “YOKE A” 

type casting 

Figure 2 Gating system geometry and castings layout 

Table 1 General chemical composition of the EN-GJS-700-2 material 

Element C Si Mn Mg Cu 

Content (wt%) 3.8 2.4 0.4 0.033 0.045 

Computational geometry has been created for the numerical simulations purposes; it was represented by a 

mould cavity, i. e. castings including the gating systems, filter and risers (see Figure 2). Subsequently, a virtual 

mould has been modelled to the geometry of castings with a gating system; its size corresponded to the real 
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mould used in operating conditions. Thus, prepared geometry has been further covered by a 3D computational 

mesh, featuring 4 183 050 elements. Figure 3 shows an example of a computational geometry surface and 

volume mesh to provide an idea concerning the structure. 

 

Figure 3 Example of a surface and volumetric computational mesh 

Further, a gravitational vector in the direction of the negative Y axis, casting temperature, heat transfer 

conditions, coefficients of heat transfer among the casting system components and boundary conditions have 

been defined for the correct course of filling and solidification. Table 2 specifies materials of the casting system 

individual components. The mould temperature of 30 °C and the bentonite mixture moisture of 3.6 % have 

been taken into account for the calculation purposes. The calculation was realized using the Thermal and Flow 

module. 

Table 2 Materials of individual parts of the casting system   

Name Casting/Riser Gate Pouring basin Mould Filter 

Material group Alloy Alloy Alloy Mould Filter 

Material EN-GJS-700-2 EN-GJS-700-2 EN-GJS-700-2 Green Sand 10 PPI 

3. RESULTS AND DISCUSSION 

This chapter includes the analysis of key results of filling and solidification, with the aim to map the influence 

of a gate shape change in the process of casting the “YOKE A” casting.   

Within the casting course, metal passes through the sprue into a distribution duct where it is distributed into 

two directions (Branch 1 and Branch 2). From there it rises through two main gates that fill gradually individual 

levels of the gating system. The system filling is symmetrical; within the system, the thermal field is much alike 

in the entire volume. Minor deviations, could be seen in the shape gates running directly into the castings; the 

cause was their different shape. Together with the thermal field, the filling course is in certain stages drafted 

on Figure 4. The castings did not solidify within the casting course. Therefore, no cold shuts occurrence or no 

metal misrun in the system is expected. In general, the simulation predicts uniform distribution of the thermal 

field, symmetrical on individual levels. The hottest castings are located on the last floor and the temperature 

of castings closer to the sprue is higher by 40 °C, which is caused by higher heating through of the relevant 

area. At the filling end, the cast iron temperature still remained above the liquid temperature. 

Through the solid fraction portion, Figure 5 shows the solidification course. The castings solidification 

proceeded from end zones to risers. The castings solidified towards the central ring after disconnection from 

the gates. Simultaneously, the relevant central area solidified towards the riser, where two solidifying Branches 

were formed, which were being pulled into the riser. Solidification inequality was detected at closer scrutiny 

between Branch 1 and Branch 2 of the gating system. The difference was most evident at ca 45 % of solid 

phase, when the volumes of not completely solidified metal in the ring area of the casting were being separated, 

as shown on Figure 5. Solidification proceeded faster in the left part of Branch 1 and in the right part of 
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Branch 2, probably owing to their location at the mould wall and faster heat removal. Later, porosity formed in 

this place as well.  

20 % 50 % 90 %  
Branch 1 Branch 2 Branch 1 Branch 2 Branch 1 Branch 2  

       

Figure 4 Example of a filling course and of a temperature field 

Branch 1 Branch 2 

 

 

Figure 5 Representation of castings solidification in individual branches 

Figure 6 shows general visualization of porosity occurrence in a metal volume. It is evident that simulation 

predicted a smaller area of porosity in one area at the central ring margin in case of all castings. That means 

in the area where the liquid phase volumes are separated, as described above. Porosity occurrence in castings 

was not predicted outside the relevant area. 

Figure 7 represents illustrative comparison of porosity volume in castings from Branch 1 and Branch 2. It is 

evident that the casting for Branch 2 contains lesser porosity volume. This knowledge can be also applied on 

total porosity volume in castings in each branch. Castings from Branch 1 contained porosity with the total 

volume of 0.0077 cm3, while total porosity volume in castings from Branch 2 was 0.0065 cm3. 
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Figure 6 Porosity visualization 

  

Figure 7 Illustrative comparison of porosity volume in castings from individual branches 

4. CONCLUSION 

The work deals with numerical simulations of casting a “YOKE A” type casting from ductile cast iron, with focus 

on verification of the gate shape influence on the casting course. A computational geometry with a 3D network 

was created and boundary conditions were defined for this purpose in cooperation with the industrial 

operational partner, MOTOR JIKOV Slévárna (Foundry). The relevant input data were entered into the 

ProCAST simulation software, in which the castings filling and solidification were computed. Based on the 

computed results, the following conclusions have been established: 

 The mould filling proceeds relatively symmetrically. Minor deviations can be seen when comparing the 

filling of Branch 1 and Branch 2.  Branch 1 with a more massive gate fills faster than Branch 2 with 

modified a gate shape.   

 The castings did not solidify within the casting course. Therefore, cold shuts occurrence and misrun are 

not expected. 

Branch 1 
Porosity volume = 0.0005 cm3 

Branch 2 
Porosity volume = 0.0004 cm3 
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 Castings in individual branches solidified directionally. Faster solidification was noticed in the left part of 

Branch 1 and in the right part of Branch 2. This concerned castings close to the mould wall, where heat 

removal is faster. 

 Porosity occurrence was predicted in castings on the central ring margin where the liquid phase volumes 

are being separated. When compare individual branches it was determined that Branch 2 with a modified 

gate shape included lower porosity volume.  

It follows from the above conclusions that the gate shape modification had no significant impact on the course 

of a “YOKE A” type castings casting. However, the gate shape modification might result in porosity reduction 

in the relevant castings. Nevertheless, it is necessary to further verify this fact within operating melts and 

subsequent analysis of defects occurrence in castings.   
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Abstract 

Large volumes of slags are formed as by-products during the refinement of pig iron and steel manufacturing. 

Generally, the steel slag (steel furnace and ladle furnace slags) contains an appreciable amount of magnetic 

substances such as metallic iron and magnetic iron oxide, and thus, they can be recycled by wet magnetic 

separation. This work presented here investigates the effect of fine grinding for maximum recovery of iron from 

the steel furnace slags. Three kinds of slags, namely furnace steel slag (FS) containing 30 wt. % of Fe2O3, 

ladle slag (LS) containing approx. 16 wt. % and slag from desulfurization process (DeS) containing approx. 35 

wt. % of Fe2O3, were crushed, grounded and sieved under 0.045 mm for wet magnetic separation experiments. 

Results showed that the proposed magnetic separation process allowed to isolate 24, 18 and 42 wt. % of 

magnetic fractions for FS, LS and DeS, respectively. The content of Fe2O3 in magnetic fractions increased 

from 30 to 48 wt. %, from 16 to 46 wt. %, and from 35 to 44 wt. % of Fe2O3 in the case of the FS, LS and DeS, 

respectively. The fractions obtained by wet magnetic separation process were subjected to the chemical and 

phase analysis, the morphology of the particles was studied using scanning electron microscopy. 

Keywords: Metallurgical slags, wet magnetic separation, iron recovery, Fine-grained slags 

1. INTRODUCTION 

During the steel making process the furnace steel (FS) and ladle steel (LS) slags originate as by-products. 

Contrary to blast furnace slags (BFS), to find the application of the steel slags is more difficult mainly due to 

higher variability of the chemical and thus also phase composition of these slags. In general, steel slags include 

some valuable elements such as iron, silica, phosphorous and calcium, however can contain also the elements 

which are harmful to living environment, such as copper, zinc, lead, chromium, and cadmium. For this reason, 

the steel slag, especially LS, is often considered as solid waste emitted from the steel making process. FS 

slags include the slags from electric furnace, converter, and open-hearth furnace [1]. These by-products cause 

large volumes of waste streams. As a result, steelmaking slags are either being disposed of at landfills or being 

stored on the ground in large quantities, not only adding a considerably heavy financial burden to steelmaking 

plants, but also causing enormous losses of potentially valuable resources and causing potential 

environmental liabilities [2].  

The recycling of steel slag not only protects the environment, but also promotes utilization ratio of resources. 

Hence, effective recycling of iron from steel slag, would not only alleviate environment pressures and improve 

economic efficiency, but would also reduce the industrial demand for iron ore [3]. The technique used for 

efficient recycling of iron mainly include dry magnetic separation of bulk slag, wet stage grinding and magnetic 

separation, wet magnetic separation for full grain level, fine-grained level flotation, and gravity separation. 
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Usually, the wet magnetic separation method is used to separate the metallic iron particles from the slag 

powder [4]. 

The magnetic process, in principle, separates the magnetic part (mostly metallic material connected with other 

non-magnetic impurities) from the slag mixture. The total amount of metallic part associated with the slags is 

around 3 - 8 % of the weight of the slag depending on the used production process [5]. The crushing and 

grinding efficiency and strength of the magnetic field that is employed in the process determines the amount 

of slag being carried along with the metal [6]. Development of technology for efficient recycling of iron resources 

from fine-grained steel is, therefore, of utmost importance [7]. 

In this work we studied the wet magnetic separation on a very fine FS, LS and DeS slag fraction (<0.045 mm). 

The chemical composition of the obtained magnetic and non-magnetic fractions was characterized using X-

ray fluorescence spectroscopy, phase composition was studied using X-ray diffraction method. Scanning 

electron microscopy was used for the observation of the particles morphology. 

2. MATERIALS AND METHODS 

2.1. Studied materials 

Three slags, FS, LS and DeS originated during steel making processes were studied and their chemical 

composition is shown in Table 1. Calcium oxide is the dominant component of FS and LS and iron oxide, 

sulphur trioxide in case of DeS slag as evident from Table 1. All three FS, LS as well as DeS consist of 

significant amount of iron, in Table 1 expressed as Fe2O3. 

Table 1 Chemical compositions of original slags (wt. %) 

Samples 
Components 

MgO Al2O3 SiO2 CaO SO3 MnO Fe2O3 

FS 3.36 1.65 10.00 47.98 0.16 4.38 30.17 

LS 3.57 6.15 10.03 47.18 1.40 2.55 15.70 

DeS 11.40 2.15 10.21 13.67 24.13 2.19 34.89 

In order to liberate the metallic iron from the slags, each of the received slag was stepwise crushed by a jaw 

crusher (Brio s.r.o., Czech Republic) followed by the vibration milling (Testchem, Poland). A jaw crusher with 

a feeding size smaller than 80 mm and discharging size smaller than 15 mm was employed in the primary 

crushing of both slags in order to adjust the particle size of slags prior the milling with vibration mill. The 

vibration mill with a feeding size smaller than 5 mm and discharging size of >0.020 mm, was employed in the 

further crushing. The mild slags were then classified by a sieve with aperture size 45 µm. 

2.2. Wet magnetic separation experiments 

Experiments were carried out using a glass beaker on which a belt with neodymium magnets was placed on 

the outside wall. Typically, about 5 g of the slag was put into the glass beaker and mixed with 300 mL of water. 

The obtained suspension was then stirred 5 min using mechanical overhead stirrer (Heidolph Model RZR 

2041) operated at 250 RPM in order to homogenise the suspension. A belt of neodymium magnets was then 

placed on the outer wall of the glass vessel and the suspension was next stirred for 10 minutes. During this 

process, most of the strong magnetic particles presented in slag adhered to the glass wall, and the 

nonmagnetic materials fell to the bottom part of the beaker. Subsequently, the non-magnetic fraction was 

separated by the filtration. Finally, after removing of the magnets, the magnetic fraction fell to the bottom of 

the beaker and small amount of the water was added. After that, the magnetic fraction was separated by 

filtration. Both, magnetic and non-magnetic fractions were dried at 70 °C and weighed. 
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2.3. Characterization of the slags 

Chemical composition of the original slags and individual fraction of the slags obtained during magnetic 

separation was performed on wave dispersive X-ray fluorescence spectrometer Supermini 200 (Rigaku, 

Japan) equipped with Pd tube (200W) and scintillation counter and F-PC detector. 

Phase composition of the samples was studied using Theta/2Theta X-ray diffractometer MiniFlex600 (Rigaku, 

Japan) equipped with Co tube (600W) and D/teX Ultra detector. Samples pressed in rotational holders were 

analysed in reflection mode. 

Scanning electron microscope Aspex Explorer (ThermoFisher Scientific, USA) equipped with thermionic 

emission source CeB6, secondary electron and back scattered electron detector was used for the 

characterization of the slag particles. Energy dispersive detector was used for local chemical analysis.  

3. RESULTS AND DISCUSSION 

The yield of the magnetic fractions obtained by wet procedure for FS, LS and DeS slags is shown in Table 2. 

Table 2 Yield of magnetic fractions for wet separation procedure 

Samples Magnetic fraction (wt. %) 

FS 24 

LS 18 

DeS 42 

The magnetic separation procedure divides the slags matter into two fractions: magnetic (M) and non-magnetic 

(NM). Wet magnetic separation procedure made it possible to obtain magnetic fraction yields for FS, LS and 

DeS to 24, 18 and 42 wt. %, respectively (Table 2). These results indicate the efficiency of the wet separation 

of magnetic fractions to reduce the total volume of FS, LS and DeS slags. Subsequently, for both M and NM 

fractions, the chemical and phase analysis was performed. The chemical composition of the magnetic (M) and 

non-magnetic (NM) fractions for both slags is shown in Table 3. 

Table 3 Chemical compositions of magnetic (M) and non-magnetic (NM) part for wet magnetic separation  

    (wt. %) 

Samples Fraction 
Components 

MgO Al2O3 SiO2 CaO SO3 MnO Fe2O3 

FS  
M 4.2 0.97 5.58 32.3 0.13 7.24 47.7 

NM 3.46 1.51 9.53 46.56 0.26 4.10 27.50 

LS  
M 6.62 3.21 6.88 29.43 0.53 6.60 45.57 

NM 4.20 6.83 12.25 51.58 1.13 2.21 12.12 

DeS  
M 11.20 2.00 9.68 6.59 21.99 2.90 44.19 

NM 13.17 2.38 11.28 9.46 26.82 2.66 25.32 

Comparing the data in Table 3 with the chemical composition of the original slags (Table 2) the enrichment of 

the magnetic fraction by Fe2O3 to approximately 48 wt. % in the case of FS slag, for LS and DeS slags to 

approximately 45 wt. %, was achieved. The presence of Fe2O3 in non-magnetic fractions of all three slags 

signalize there is still reasonable amount of iron containing phases which should be separated. 

Comparison of the phase composition for samples FS, LS and DeS is shown in Figures 1a)-c). The phases 

relevant to separation of iron and non-stable phases are indicated in these images.  
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Figure 1 XRD patterns of samples FS (a), LS (b) and DeS (c). (1 … FeO, 2 … Fe3O4, 3 … MgO, 4 … 

Ca2Fe2O5, 5 … Ca12Al14O33, 6 … CaO, 7 … graphite, 8 … -Fe) 

The diffraction patterns of the samples FS (Figure 1a) and LS (Figure 1b) show the typical composition of 

these kind of the slags. Besides the identified phases, these slags contain also dicalcium silicate - calcio-

olivine and larnite, and manganese magnesium oxide. The enrichment of these slags with iron oxides is clearly 

visible. Magnetic fraction (M) of slag FS and LS was significantly enriched with FeO and Fe3O4. On the other 

hand, the M fraction of both FS and LS was visibly depleted with Ca12Al14O33, and the intensity of the diffraction 

lines of this phase was also decreased in the case of NM fraction what indicates this phase as a water soluble. 

Other iron rich phase present in original FS and LS slags was identified as Ca2Fe2O5 and the (Figure 1a) 

revealed homogenous distribution of this phase between M and NM fractions, in the case of LS sample the 

diffraction lines intensities of this phase was decreased in the case of M fraction. The comparison of the phase 

composition of M and NM fractions of sample DeS indicate the alpha iron as the phase which enriched the M 

fraction due to the magnetic separation process. 

The example of SEM images of the original, M and NM fractions of FS sample is shown in Figure 2. Comparing 

the images, the differences in morphology of the particles of the original FS milled bellow 45 µm (O) and the 

individual fractions (M, and NM) are visible. The prevailing part of the particles of M fraction (Figure 2b) 

appears as bigger, while the portion of finer particles is significantly higher in the case of NM fraction.    

  

Figure 2 SEM image of samples O (a), M (b) and NM (c) 

The complex character of the particles in magnetic fraction is documented in Figure 3. The white areas of the 

particle represent iron based oxides encapsulated in a matrix presented by calcium reach phase.    
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Figure 3 Detail of the selected particle in M fraction 

4. CONCLUSIONS 

The wet separation technique was used for the isolation of the magnetic fraction presented in very fine fractions 

of FS, LS and DeS slags. In the light of the results presented above, it could be concluded that very fine slag 

grinding and the use of wet separation led to the isolation of 24, 18 and 42 wt. % of magnetic fractions for FS, 

LS and DeS, respectively.  

These magnetic fractions were enriched by 17, 30 and 10 wt. % of Fe2O3 for FS, LS and DeS samples if 

compared with the Fe2O3 content analysed in pristine FS, LS and DeS samples. The observation of the 

particles presented in magnetic fraction with SEM revealed the fact, that small particles of iron-bearing phases 

are firmly encapsulated in the complex matrix, most probably represented by calcium phase. This observation 

highlights the necessity for the searching of the separation technique, which enables to liberate the particles 

of these small iron containing phases. 
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Abstract  

At present, cast iron foundries are facing increasing competition along with increasing demand for ductile iron. 

Therefore, there is no other way than to improve the technological processes of casting production and use 

other possibilities for more efficient management of their quality by means of 3D scanning of dimensional 

accuracy in critical production nodes. 

The paper is based on the gained experience with the study of the potential of the method of non-contact 3D 

measurement of shape and dimensional accuracy of the patterns and castings, which is to be used in 

optimizing the process parameters of gravity casting of ductile iron castings. 

The ROMER Absolute Arm 7525SI portable laser measuring arm is used. The dimensional accuracy of newly 

manufactured patterns is monitored. Then, it can be confronted with the original 3D model. Subsequently, the 

patterns are scanned over their life cycles to identify critical dimensional deviations. All in connection with the 

control of dimensional deviations in molds, but especially in castings. The study of dimensional stability of the 

patterns, molds, and castings will allow monitoring the actual state in connection with the implementation of 

our own casting technology. As it turns out, it is possible to identify critical production parameters in terms of 

compliance with the dimensional accuracy of castings. The entire measuring system is connected to a 

professional program for measuring, dimensional evaluation according to the GD&T methodology, comparison 

with 3D objects, fitting, and export to a CAD system as STL 3D objects. 

Keywords: Cast iron, castings, mold, quality control, 3D measurement 

1. INTRODUCTION 

Ensuring shape and dimensional accuracy and other surface and internal quality parameters are critical 

parameters that must be met to provide the required product quality. It is no different in the case of the 

production of cast iron castings. These cast irons with nodular graphite are increasingly used as parts of 

machine units incl. the automotive industry, where they replace more expensive steel products. Authors [1] 

created an algorithm to predict casting defects based on monitoring various operational data from production 

in a cast iron foundry [1]. However, creating complex predictive algorithms is somewhat of a black box, albeit 

with very satisfying results. In addition to the implementation of artificial intelligence methods, the optimization 

of ductile iron production can also be focused on, for example, the study of shrinkage tendency in ductile cast 

iron as affected by mold rigidity (green and furan resin sand molds) and inoculant type (FeSi-based alloys) [2]. 

Attention is increasingly focused on austempered ductile iron (ADI) with increasing demands on material 

properties and the increased added value of castings [3,4]. 
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There is a wide range of approaches to studying casting quality and casting manufacturing technology. Non-

destructive methods are becoming more and more widespread. Strategies focused on 3D measurement and 

3D scanning is also integral. The authors [5,6] implement micro-CT scanning methods to study microstructure 

issues. The authors [7,8] then focus on the study of surface quality/roughness. The authors [9] present a 

complex 3D defect detection system based on deep learning methods. 

However, the work of the authors [10] is closest to the present contribution. Attention is focused on 

implementing 3D measurement and scanning methods during the preparation of a casting for machining, which 

is closely related to the output dimensional and quality control of castings in a cast iron foundry. 

At the Environmental Research Department of VŠTE in České Budějovice, the methods of using 3D scanning 

are implemented in a whole range of research and development activities. For example, the specific use of 3D 

scanning in studying FDU (Foundry Degassing Unit) rotor wears during aluminum alloy refining [11]. As part 

of the research aimed at optimizing the casting technology of ductile cast iron, there is also an intensive study 

of shape and dimensional accuracy, especially of the patterns and castings.  

This paper focuses on monitoring these key quality parameters using non-contact measurement methods (3D 

scanning). It presents their importance in the quality control of nodular graphite cast iron (ductile iron) 

production by the applied standard [12]. 

2. EXPERIMENTAL PROCEDURE 

3D scanning is the one in the group of non-contact measurement methods. During measurement (scanning), 

there is no contact between the measured part and the scanning head. In the case of the presented paper, it 

is used with a ROMER Absolute Arm 7525SI 3D measurement laser scanner (Figure 1) [13] while applying 

the Polyworks 202X professional measurement and evaluation software [14]. 

 

 

 

Figure 1 ROMER Absolute Arm 7525SI and its specifications based on [13] 

The principle of laser scanning consists in scanning tens of thousands of points per second (after filtering) from 

a laser line that passes over the scanned object. Millions of points result from a specific scanned object, the 

so-called point cloud, which creates a virtualized 3D object. The recording is performed in the appropriate 

control and evaluation SW, here Polyworks. Importing the CAD model of the given scanned object/part is 

necessary for dimensional and shape inspection. After scanning the object, it is possible to perform alignment 

on the existing CAD model according to the required parameters. Automatic alignment to the reference object 
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(imported CAD model), the so-called Best Fit, is used in the studied case. Subsequently, it is possible to 

perform a dimensional and shape check of the scanned part against the reference CAD model and perform 

the required evaluation of the detected deviations. 

One of the shaped and dimensionally studied castings with feedback for optimization of production technology 

is KARDAN A type castings (material EN GJS 600-3 [15]). Castings are gravity cast into bentonite molds. Due 

to the limited scope of the paper, attention focuses on the demonstration of the use of checking the dimensional 

stability of the pattern and, at the same time, on the study of critical dimensions that are difficult to control using 

the contact probe of a contact coordinate measuring machine (CMM). 

3. RESULTS AND DISCUSSION 

Attention focuses on verifying the accuracy of the production of the pattern for casting type KARDAN A, see 

CAD model in Figure 2, where dimensions out of tolerance detected as part of the 3D measurement. 

 

Figure 2 CAD model of pattern KARDAN A 

In the first phase, a scan of the pattern was carried out and a comparison of the measured deviations with the 

CAD input of the model (Figure 3) and a comparison of the resulting values on the castings (Figure 4) was 

done. 

Scanning confirmed (Figure 3) that the pattern was manufactured with the required accuracy. The measured 

deviations on the pattern were within a maximum variance of 0.2 mm. Given the standard tolerance of 

manufactured castings according to ISO 8062 CT9 [12], these deviations are acceptable. However, a problem 

can arise with specific characteristics (dimensions tightened and required by the customer), where this 

variance can make up more than 20 % of the total tolerance of the casting, regardless of additional variability 

in the casting process.  

In the subsequent step, a comparison was made of the measured values on the casting, the pattern, and the 

designed value according to the CAD model (Figure 4). When designing the pattern for this casting, a 

shrinkage value of 5 ‰ was calculated. The resulting deviations measured on the castings do not correlate 

with the values of the pattern. According to the results from the 3D scanning of the castings, a dimensional 

correction will propose a dimensional revision of the pattern, followed by repeated sampling and measurement. 
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Figure 3 Scan results for the pattern KARDAN A 

  
a) designed values on the CAD model b) measured values on the manufactured pattern 

 
c) measured values on the part/casting after casting 

Figure 4 Scan results - comparison of the design value of the model, the actual value on the 

manufactured pattern, and the resulting value on the cast part (KARDAN A; cavity 1) 
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It is worth noting that the observed dimensions in Figure 4 are complicated to measure by standard touch 

measurement accurately. On the other hand, 3D scanning can identify with a high degree of accuracy the 

points where the shape changes and where the necessary dimension needs to be specified. It is best shown 

in the sections from the cast in Figure 4c). 

4. CONCLUSION 

Presented paper was devoted to the study of the potential of the method of non-contact 3D measurement of 

shape and dimensional accuracy of the patterns and castings, which is to be used in optimizing the process 

parameters of gravity casting of ductile iron castings. 

The use of 3D scanning in the discussed foundry practice has mainly demonstrated the following advantages: 

 obtaining a complex cloud of millions of points with dimensional deviations from the design of the CAD 

model; 

 the possibility of measuring with a CMM barely identifiable dimensions; 

 the use of virtual sections in the evaluation SW assesses the shape and dimensional accuracy as 

needed. 

Shape and dimensional deviations of the patterns and castings are monitored similarly, and the resulting 

castings' quality is continuously monitored and evaluated. Based on the results, it is possible to operationally 

approach adjustments in cast iron production technology with nodular graphite. Obtained 3D scans can be 

archived for later use, for example, when optimizing the process of numerical simulations, where stress states 

and resulting deformations of castings are also studied. 
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Abstract  

The presented paper deals with a numerical simulation of casting and solidification of a 65-ton ingot made of 

25CrMo4 low-alloy chrome-molybdenum steel. The aim was to focus on the assessment of steel melt flow, the 

risk of formation of microporosity and segregation according to Niyama or Suzuki criteria respectively, 

solidification. The numerical simulation was done for parametric analysis of solidification process in casting 

based on boundary conditions. Correctly set values of casting parameters like casting speed, casting 

temperature of steel, H/D ingot ratio are the essential precondition to minimize the defects of steel ingots. 

Keywords: Numerical simulation, THERCAST software, steel ingot, casting, solidification 

1. INTRODUCTION 

Heavy ingots are metallurgical semi-finished products intended mainly for the production of high quality 

forgings used in mechanical engineering, e.g. for the production of crankshafts for ship engines or special 

parts for the power industry - conventional and nuclear (turbines, heat exchangers, steam generators). The 

production of heavy forging ingots is accompanied by the occurrence of segregation of individual elements in 

the steel structure, porosity and other defects which, during further technological processing, may lead to 

anisotropy of the mechanical properties of forgings and unsatisfactory results of non-destructive testing. The 

25CrMo4 grade is used for the production of axles for high-speed trains, mainly because of its high strength, 

good toughness, ductility and high resistance to impact loading. The ever-increasing customer demands for 

the quality of the final products, especially in terms of structural and mechanical properties, are forcing 

manufacturers to optimise production technology. This may involve adjusting the temperature regimes used to 

conduct the melting process, changing the shape and size of the coke, the casting speed, the method of 

cooling the ingot, etc. The production of heavy ingots is financially very expensive, and very often technological 

changes are first examined by mathematical modelling and numerical simulations using finite-element 

calculations [1-5]. 

The finite element method (FEM) is a numerical method solving differential equations in two or three space 

variables. To solve a problem, the FEM subdivides a large system into smaller simpler parts that are called 

finite elements. The finite element method formulation of a boundary value problem finally results in a system 

of algebraic equations. The method approximates the unknown function over the domain. The boundaries of 

the area solved is then replaced by polynomials. The basic elements describing the surface are triangular or 

quadrangular spots. In spatial representation, these are prisms, tetrahedrons or pyramids. 

Modern finite elements simulation programs can simulate the prediction of the melt during casting, the 

interaction of metal and mold, deformation of the casting – stress, estimation of the future structure and 

microstructure. Each individual model computes heat transport, speed and method molds, metal flow in the 

mold, solidification kinetics, structure formation, porosity models, stress calculation and other [6].   
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In the company MATERIÁLOVÝ A METALURGICKÝ VÝZKUM s.r.o., the THERCAST® software is used for 

the optimization of metallurgical processes. 

THERCAST® is a computer software tool that works on the basis of the finite element method (FEM). It is 

intended for foundry processes, continuous casting and ingot casting. THERCAST® allows us to accurately 

analyse various production processes from the beginning of casting to the end of the solidification phase. It 

may be used to study the thermal field of the metal object and some surrounding components during the 

process. It is able to determine flow rates, pressure, stress or deformation in metal. Based on this, it can 

calculate the final shape and properties of the casting. A characteristic feature of THERCAST® is its ability to 

predict the real behaviour of the material in the mould and during the gas evolution during the process. It 

predicts results verified by real processes thanks to an accurate thermo-mechanical model. The software also 

contains a powerful solver of systems of vector equations for the efficient use of computing power using parallel 

calculations [7]. 

The aim of the presented work is to examine the physical properties of the low-alloy steel during the ingot 

casting process, and mathematically verify the proposed ingot casting technology and confirm the boundary 

conditions, especially pouring temperature and speed, height/width ratio of the ingot, where is important that 

the liquid core is not closed in the critical central area of ingot.  

2. NUMERICAL SIMULATION 

Generally, the numerical solution of each task is divided into three stages: a) pre-processing: includes the 

geometry modelling and the computational grid generation process and definition of calculation. b) processing: 

involves the computation in the solver. c) Post-processing: focuses on evaluation of the results. [8]. 

In the presented paper, the simulation of low-

alloy chrome-molybdenum steel grade 

25CrMo4 with a solidus at 1,445 ˚C and 

liquidus at 1,486 ˚C for bottom poured ingot 

(Figure 1) was carried out on THERCAST 

software. Chemical composition of 25CrMo4 

steel is shown in Table 1. At the company 

MATERIÁLOVÝ A METALURGICKÝ 

VÝZKUM s.r.o. the THERCAST NxT 2.1 

software from French Company 

TRANSVALOR is currently used for 

numerical simulations of casting and 

solidification of melt steel. The properties of 

the refractory materials and heat transfer 

coefficients, including material models, were 

therefore intentionally from THERCAST 

library and they are shown in the Table 2. 

Figure 1 3D ingot geometry 

Table 1 Chemical composition of 25CrMo4 steel 

Elements C Si Mn P S Cr Mo 

Wt% 0.25 0.1 0.75 0.01 0.01 1.1 0.2 
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Table 2 The thermo-physical value of simulation  

Thermo-physical properties Operating condition 

Thermal conductivity 34 W∙m-1∙K-1 

Specific heat, c 830 J∙Kg-1∙K-1 

Density, ρ 6,931 Kg∙m3 

Liquidus temperature 1,486 ˚C 

Solidus temperature 1,445 ˚C 

Latent heat 265,000 J∙Kg-1 

Viscosity 0.0065 kg∙ms-1 

Pouring temperature 1,550 ˚C 

The filling rate was defined at 0.00034868 m3 ∙ s-1 and the heat transfer after filling was set according to the 

table above. The casting temperature was 1,550 ˚C and the ambient temperature 20 ˚C. This task is redefined 

as a thermal task. 

3. DISCUSSION OF RESULTS 

The simulation results can be divided into 2 possible groups, the simulation results obtained by casting into 

the mould and the post-filling results obtained by solidification computation. Figure 2 shows the filling of the 

ingot from the bottom at 70, 95 % and the filling of the ingot at  99% with the vectors represented with a relative 

scaling down to 20 %. The values (from the surface) are positive inside the metal and negative towards the 

air. (m). In laminar flow, only streamline flow is seen throughout the filling, where the tracks of the individual 

liquid particles are in parallel layers to each other. The total casting time of the ingots was simulated to be 65 

minutes. 

 

Figure 2 Mould filling a) 70 % b) 90 % c) flow using velocity vectors 

Figure 3 shows an example of the temperature field and liquid phase fraction just after the ingot is completely 

filled. The results show a representation of the temperature of the mold, base, etc. (˚C). The temperature of 

the ingot was simulated ranging from the casting temperature until 400 ˚C. The percentage of liquid and solid 

phase, on a scale of 1 indicates liquid and 0 indicates solid phase. According to the thermal calculation, 

complete solidification is reached in 61,650 s, i.e., in about 17 hours.  
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Figure 3 Temperature field after full ingot filling a) in cross section b) around the ingot c) liquid phase fraction 

 

Figure 4 Temperature fields of steel during solidification a) 25 % of solidification b) 50 % of solidification  

 

Figure 5 Temperature fields of steel during solidification a) 75 % of solidification b) 100 % of solidification 
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Figure 4 and 5 show the temperature of steel (and mold) during solidification at 25, 50, 75, 100 % of solid 

phase. The temperature fields indicate that a thermal knot is generated in the central part of the ingot, which 

increases with time towards the head of the ingot. The simulation showed that the height to width ratio of the 

ingot body was appropriately chosen to allow for gradual cooling without enclosing the liquid core in the critical 

central region.    

Figure 6 shows the shrinkage of the cast ingot after cooling. Shrinkage is one of the important parameters that 

shows the volume loss in the dimensions of the ingot. Shrinkage occurs due to the reduction of temperatures, 

but also due to the increase of pressure or special processes leading to volume reduction. When the liquid 

steel comes into contact with the wall of the die, crystallization of the surface skin of the ingot begins. The 

shrinkage of the surface of the solidifying ingot is compensated by plastic deformation of the steel in the first 

stages of solidification. In the case of the 65t ingot, the shrinkage is particularly significant in the head of the 

ingot. 

The Nyiama criterion (Figure 7) indicates the porosity inside the metal after solidification and determines the 

critical values, for the 65 t ingot simulation these values are very small, less than 0.22. This indicates a very 

low possibility of defects in the ingot body. 

 

Figure 6 Shrinkage Figure 7 Porosity 

4. CONCLUSION 

The present paper deals with the casting and solidification of 65t ingot of low-alloy Cr-Mo steel 25CrMo4 using 

numerical simulations. The work was carried out using the French software THERCAST. The results of the 

casting and solidification simulation are presented. Attention was focused on the temperature in the ingot 

during casting and cooling, on the ratio of the liquid phase as a function of temperature and time, on the 

segregation after solidification of the ingot. Simulations showed that complete solidification occurs in about 17 

hours, the geometry of the ingot was designed appropriately to cool gradually without enclosing the liquid core 

in the centre of the ingot, an important parameter also for the Niama criteria, which the simulations calculated 

to be less than 0.22, i.e., minimal occurrence of defects in the ingot body. The results obtained showed that 

the software used, based on the finite element method, can simulate relatively accurately the temperature, 

pressure and velocity fields in the casting system, shrinkage, porosity, voids, as well as stress, strain, density 
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and others. A big advantage of this software is the easy change of boundary conditions and adaptation to new 

conditions, making it suitable for process optimization. 
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Abstract 

Modifying liquids with nanoparticles is widely recognized as a practical approach for improving their heat 

transfer characteristics without significantly increasing viscosity. This work examines the effect of adding 

hematite and acid-leached blast furnace sludge particles on the rheological and thermal properties of deionized 

water. The investigated fluids were prepared by dispersing a certain amount of hematite and leached blast 

furnace sludge particles in distilled water using a sonicator. The modifier content in the liquid varied up to 5 

wt%. Pristine iron oxides with particle sizes of approximately 5 micrometers and 50 nanometers were used as 

model systems. Leached sludge particles were deagglomerated for an extended period prior to measurement. 

The rheological behavior of the fluids was studied using an FRS 1600 furnace rheometer system designed for 

viscosity measurement from 1 mPa·s, and the specific heat capacity of hematite and leached blast furnace 

sludge was obtained by SENSYS EVO TG-DSC calorimeter equipped with 3D-sensor technology. 

Furthermore, the characterization of the prepared liquids was also supported by the results of SEM analysis. 

The results of this study provide the foundation for the use of leached blast furnace sludge as a potential heat 

transfer fluid. 

Keywords: Heat transfer fluid, iron oxides, blast furnace sludge, viscosity, specific heat capacity 

1. INTRODUCTION 

Enhancement of heat transfer fluids (HTFs) efficiency has been a matter of ongoing research over the past 

decades and is currently driven primarily by the increasing worldwide demand for energy. Typically, adding 

micro- or nanosized particles to base fluids is a conventional route to achieve this goal. Metals and some metal 

oxides are considered suitable modifiers because, for instance, their thermal conductivity at room temperature 

is many orders of magnitude higher than that of conventional fluids. Therefore, the thermal conductivity of 

fluids containing suspended metallic particles is significantly larger. Until 1995, when Choi came up with the 

novel idea of suspending nanoparticles in common heat transfer fluids, microparticles were used for 

modification [1]. Suspensions containing microparticles suffered severe disadvantages, such as abrasion, 

sedimentation, clogging, and erosion. Nevertheless, the dispersion of nanosized particles can aggregate and 

form clusters due to the higher surface energy [2,3]. Still, nanoparticles significantly improve the effective 

thermal conductivity of the suspension as they have a large surface-to-volume ratio compared to a suspension 

of micrometer-sized particles [4]. It is well known that heat transfer occurs at the surface of particles, which is, 

of course, noticeably larger for nanoparticles, and therefore, they markedly improve the thermofluidic behavior 

of heat transfer fluids [1]. 

Knowledge of the viscosity and heat capacity of a given HTF is required for the proper performance of the 
thermal system. Viscosity is essential for assessing fluid resistance, and key parameters of the transfer system, 
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such as pumping power and pressure drop, are directly dependent on it [5]. On the other hand, viscosity is 
affected by many parameters, e.g., particle size and shape, temperature, volume concentration, acidity (pH 
value), shear rate, particle aggregation, base fluid type, and preparation method, which opens a wide field for 
optimization [6]. It is worth mentioning that models are derived based on the assumption of linear dependence 
of base fluid viscosity on volume concentration. Nevertheless, these models fail to describe the nanofluid's 
viscosity as a function of temperature. Therefore, to model the influence of volume concentration, temperature 
and particle size, ad hoc models are necessary [7,8]. The study of the specific heat capacity of heat transfer 
fluids has not attracted as much attention, although it is a key thermal property in energy systems. It is a 
property that determines nanofluid heat storage capacity and is required to calculate thermal diffusivity and 
dynamic thermal conductivity [9]. The heat capacity of HTFs can be either similar or different from that of the 
base liquid depending on the heat capacity of the modifying particles and is mainly affected by volume 
concentration and temperature [10]. 

Modification of liquid carriers by iron oxides contributes to enhancing thermal conductivity. There are many 
reports documenting improvements in thermal conductivity values when magnetite and hematite 
(nano)particles of different concentrations and sizes are added with or without an externally applied magnetic 
field [11-14]. These studies show that the thermal conductivity of magnetic nanofluids increases with the 
particle volume fraction and temperature when a magnetic field is damped. Nevertheless, there is still a scarcity 
of research articles about the effect of iron oxides on the heat capacity and viscosity of heat transfer fluids. 

This study aims to contribute to the still growing area of research on heat transfer fluids by exploring blast 
furnace sludge (BFS) as a potential modifier. For this purpose, nano- and microsized particles of hematite, one 
of the main BFS phases, were used as model systems, and BFS was pretreated by acid leaching and long-
time sonication. 

2. EXPERIMENTAL RESEARCH 

2.1. Preparation of heat transfer fluids 

The fluids were prepared by dispersing micro and nanoparticles of hematite in deionized water, and the mass 

concentrations of the prepared suspensions were 1, 3, and 5 wt%. The average sizes of the microhematite 

and nanohematite particles were 5 µm and 50 nm, respectively. Subsequently, hematitte samples were 

exposed to ultrasound (Elmasonic S15H) for 1 hour. The blast furnace sludge, purchased from Liberty Ostrava 

a.s., was pretreated by grinding, sieving (below 0.18 mm) and leaching for 48 h in 1 M HCl to remove calcium, 

zinc, magnesium, and other metals and elements, leaving the metal oxide content almost unchanged 

(Table 1). X-ray diffraction analysis of leached blast furnace sludge revealed that the main phases are hematite 

and magnetite (Table 2). 

Table 1 Composition of unleached and leached sludge  Table 2 Crystalline phases of leached sludge 

Component unleached (wt%) leached (wt%)  Phase (wt%) 

Fe total 39.00 47.00  Amorphous content 48.76 

FeO 5.78 4.64  Hematite 33.01 

Mg 0.97 0.35  Magnetite 11.47 

Al 1.27 0.96  Quartz 6.17 

S 0.53 0.37  Cristobalite 0.59 

K 0.14 0.12    

Ca 6.34 0.27    

Cr 0.03 0.03    

Mn 0.27 0.09    

Zn 0.67 0.05    
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2.2. Measurement of rheological properties 

The dynamic viscosity measurements were carried out in an Anton Paar FRS 1600 high-temperature 

rheometer using a graphite measuring system, that is, crucible and spindle of 30- and 27.6-mm diameter, 

respectively. Both flow curves in the shear rate range of 80 to 200 s-1 and dynamic viscosity values at a shear 

rate of 100 s-1 were recorded at 20 and 50 °C. 

2.3. Determination of specific heat capacities 

Differential scanning calorimetry (DSC) measurement was performed with a SENSYS 3D DSC calorimeter. 

Absolute enthalpy calibration was carried out through a Joule effect. The continuous DSC method was used 

for the determination of hematite and BFSL, and the sample weight was approximately 27 mg. Aluminum 

crucibles were utilized for the analysis, with an empty crucible serving as a reference sample. The 

measurements were performed in a dynamic atmosphere of synthetic air at a heating rate of 1 °C·min-1. The 

measured heat capacity values are reported for a temperature of 50 °C. 

2.4. Ultrasonic disintegration of BFSL samples 

To obtain suspensions of 1, 3, and 5% by weight, an appropriate amount of leached blast furnace sludge 

(BFSL) was dispersed in 20 ml of deionized water (0.1 µS·cm-1) and ultrasonicated for 5 minutes using Omni 

Sonic Ruptor 400 homogenizer (OMNI INTERNATIONAL, Kennesaw, GA, USA). After ultrasonification, the 

dispersion was cooled down to ambient temperature and 0.1 ml of the dispersion was transferred to a 10 ml 

volumetric flask and filled with distilled water. 

2.5. XRF, AAS, XRD, SEM, EDX and DLS methods 

The composition of the unleached and leached blast furnace sludge was assessed using a Spectro Xepos X-

ray fluorescence (XRF) analyzer and an AA280 FS atomic absorption spectrophotometer. XRD (X-ray powder 

diffraction) was carried out by a Bruker-AXS D8 Advance diffractometer with CuKfiltered radiation, voltage 

40 kV, current 40 mA, step by step mode of 0.014° 2Θ, total time 25 s per step and angular extent 5-80° 2Θ. 

The semiquantitative composition was determined by the Rietveld method together with the internal standard 

method (ZnO, 10%). A FEI Quantum-650 FEG electron microscope operating under the following conditions 

(voltage 15 kV, current 8-10 nA, beam diameter 5.5 mm, low vacuum) and equipped with EDAX Galaxy EDX 

analyzer was used for taking SEM images. For dynamic light scattering (DLS) measurements, a disposable 

10x10mm plastic cell (DTS0012) was filled with the sample and particle size was measured with Malvern 

Zetasizer Ultra (Malvern Instruments Ltd., Worcestershire, UK) analyzer at a backscattering light angle of 173° 

using ZS Xplorer software. All measurements were recorded as an average of three measurements and were 

carried out at 25 °C. 

3. RESULTS AND DISCUSSION 

The rheological behavior was assessed by measuring flow curves at 20 and 50 °C of the analyzed fluids 

containing micro- and nanosized hematite particles and BFSL particles. Figure 1 shows the viscosity values 

obtained in the shear rate range between 80 and 200 s-1.  

Table 3 Dynamic viscosity values (mPa·s) of the analyzed suspensions at a shear rate of 100 s-1 

 Microhematite Nanohematite BFSL 
 20 °C 50 °C 20 °C 50 °C 20 °C 50 °C 

1 wt% 1.6 1.9 1.0 0.9 1.6 1.7 

3 wt% 2.0 1.9 1.2 1.0 2.1 2.0 

5 wt% 1.9 1.9 1.4 1.2 2.4 2.2 
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All samples exhibited Newtonian behavior and had viscosity values higher than those for the base liquid at 20 

and 50 °C, i.e., 1.001 and 0.788 mPa[s, respectively, with the slightest difference in the case of the hematite 

nanofluid. A comparison of viscosities at a shear rate of 100 s-1 is given in Table 3. 

 

Figure 1 Flow curves for microhematite, nanohematite and BFSL suspensions at 20 °C (A, C, E) and 50 °C 

(B, D, F) 

The specific heat capacity (SHC) of the BFSL particles was measured using a SENSYS calorimeter, while that 

for the nanoparticles was adopted and calculated according to [15]. The Brinkman model for concentrated 

solutions and suspensions was used to calculate volume concentrations (Equation (1)) [16], and the specific 

capacities of the nanofluids were obtained through the relationship proposed by Pak and Cho (Equation (2)) 

[17]. The calculated results are listed in Table 4, and the dynamic viscosity values were taken from Table 3. 

�U\�Y\ = ]1 − _`abR) (1) 

W`,U\ = ]1 − _`aW`,Y\ + _`W`,` (2) 
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where: �U\ is dynamic viscosity of nanofluid (mPa·s), �Y\ is dynamic viscosity of base fluid (mPa·s), W`,U\ is 

specific heat capacity of nanofluid (J·g-1·K-1), W`,Y\ is specific heat capacity of base fluid (J·g-1·K-1), W`,` is specific 

heat capacity of particles (J·g-1·K-1) and _` is volumetric concentration of particles. 

Table 4 Calculated specific heat capacities of BFSL and nanohematite fluids for 50 °C 

 nanohematite BFSL 

 _` W`,U\ (J·g-1·K-1) _` W`,U\ (J·g-1·K-1) 

1 wt% 0.041 4.039 0.260 3.271 

3 wt% 0.078 3.913 0.315 3.078 

5 wt% 0.144 3.685 0.336 3.004 W`,`GcTdeJ = 0.676 J·g-1·K-1, W`,`GUfUghIif���IJ = 0.739 J·g-1·K-1, W`,Y\ = 4.181 J·g-1·K-1 

Compared to the SHC of the base fluid, the SHC of the fluid containing nanohematite and BFSL decreased by 

3-12 % and 22-28 %, respectively. In addition, the BFSL particles remained suspended in water for more than 

one week after ultrasonication and were therefore subjected to DLS and SEM/EDX analyses to elucidate the 

effect of ultrasonic treatment. 

  

Figure 2 Size distribution of leached blast furnace 

sludge particles 
Figure 3 SEM analysis of BFSL (before A and after 

B sonication), microhematite (C) and nanohematite 

(D) particles  

Figure 2 shows that BFSL is a dispersed system containing particles of sizes between 126 and 485 nm, with 

the main particle fraction having a size of 170 - 310 nm. SEM/EDX analysis showed that ultrasound disrupted 

organically bound aggregates into finer iron oxide particles (Figure 3). 

4. CONCLUSION 

This study set out to investigate the use of blast furnace sludge as a water-based heat transfer fluid in terms 

of assessing the dynamic viscosity and specific heat capacity values. For this purpose, it was acid leached to 

reduce the content of most elements except iron oxides, of which hematite was the most abundant. Using 

available analytical methods, the aqueous suspension of BFSL was analyzed and compared with model 

systems containing nano- and microhematite particles. It was found that the BFSL suspension exhibited 

relatively good stability and can be potentially used as a heat transfer fluid; however, it should be emphasized 

that significant further steps need to be taken in this area. 
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Abstract  

The search for possibilities of slags utilisation, produced by various metallurgical plants, is relevant mainly due 

to its connection with circular economy and environmental protection. Using slags in construction or other fields 

of the industry is closely related to their properties and behaviour in contact with water. In the presented study, 

slags of different technological origins were studied: blast furnace slags (non-granulated and granulated) and 

ladle slags. Fresh samples of slags (max. 20 days old) and stored slags in landfills were taken from each type 

of slag. After sampling, the samples were adjusted to the same grain size (0.1 m) and their chemical and 

phase composition were determined. At the same time, aqueous leachates were prepared under defined 

conditions with different solid to liquid phase ratios. The pH value of water leachates were measured. The 

concentrations of Ca, Al, and Si were determined using atomic absorption and emission spectrometry. The 

determined values were analysed in relation to the phase and chemical composition of individual solid slag. 

The kinetic study performed on the selected slags showed that the contact time of the slag with water may not 

always lead to the release of a larger amount of cations to the leachate.    

Keywords: Blast furnace slag, ladle slag, water leaching, phase changing  

1. INTRODUCTION 

Iron and steel are still basic engineering materials for industry. Their production is connected with special type 

of waste, some of which are recyclable and therefore are a fundamental fraction of the circular economy [1].  

The 91.5 % of produced 36.3 Mio tons of slag in 2020 were utilised primarily in road and cement industry [2].  

But remaining fraction of slags are deposit on landfill and they can negatively affect environment. In the future, 

the blast furnace and steelmaking slag can be used in others specific industry as adsorbents, basic for wearer 

of catalytic substances, filler in composites, binder etc. 3-8. The research importance into the further slag 

application demonstrated by statistic on European projects dealing with above mentioned topic [9].  

Slags are very often affected by water and therefore change their properties, change phase composition. 

Authors usually study leaching pollutants from slags as e.g. Cd, Cr, Hg, Ni or Zn [10-12] to describe their effect 

on environment. The interaction of basic slag compounds with water was in foreground as well [13-16]. The 

main goal of this study was described influence of water to dissolution major elements contained in slags 

produced in steelmaking process and were or not were landfilled or modified by granulation. The second goal 

was identified the dissolved phase and the time dependence of dissolution of the major slag compounds.  

2. MATERIALS AND METHODS 

Slag samples were collected from iron and steel industrial production by partners from Moravian-Silesian 

region. The list of used samples of slags shows Table 1.  
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Table 1 Slag samples description 

Sample of slag Slag description 

BS1 Ungranulated blast furnace slag, fresh, unsorted, landfilled   

BS2 Ungranulated blast furnace slag, one year old, unsorted landfilled 

BS3 Granulated blast furnace slag, fresh, unsorted, landfilled   

LS1 Ladle slag without magnetic separation, fresh 

LS2 Ladle slag after magnetic separation, fresh 

LS3 Ladle slag without magnetic separation, , one year old, landfilled 

LS4 Ladle slag after magnetic separation, one year old, landfilled 

Dried samples of slags were crushed and samples were prepared with a mesh diameter below 10 mm.   

Samples were crushed and ground to particles less than 60 m and the standard tablets were prepared using 

laboratory hydraulic press (BRIO Hranice s.r.o.). Content of free CaO were determined using ČSN EN 451-1 
[17]. 

The X-ray powder diffraction (XRPD) patterns were recorded under CoKα irradiation (λ = 1.789 nm) using 
Bruker D8 Advance diffractometer (Bruker AXS, Germany) equipped with fast position sensitive detector 
VÅNTEC 1. Measurements were carried out in reflection mode, powder samples were pressed in rotational 
holder. Phase composition was evaluated using database PDF 2 Release 2004 (International Centre for 
Diffraction Data). 

Leachates of slags were prepared by methods based on European technical standard EN 12457-2 [18]. Slags 
leachates were prepared with grain size samples smaller than 10 mm in deionized water (DW, pH 6.8) at 
different liquid:solid ratio (L:S):  A-1:10, B-1:100, C-1:250, D-1:500, E-1:1000. The kinetic study was performed 
on the selected slags (LS2 and LS3) at ratio L:S=B (1:100). 

The suspension was shaken in continuous rotation container by head-heel system for defined time 24 hours. 
The leachate was separated by vacuum filtration using 0.4 µm pore size filter (Pragopor 6). The pH in leachate 
were measured by inoLab SenTix 41 immediately after filtration. The fraction of leachate was stabilized with 
HNO3 (65 %, p.a.) to pH 2 for metal cations determination. The concentrations of Al, Ca, and Si were 
determined by inductively coupled plasma emission spectrometry SPECTRO VISION EOP (US EPA method 
6010D (SW-846), 2014).  

The amount of remove elements during leaching were calculated using determinated concentration of 
elements in leachate according to the formula:  

              (1) 

where: 
qi - removed amount of element during leaching test (mg/kg) 

V - volume of the deionized water (L) 

Ci - concentrations of the metal ions in the leachate (mg/L) 

mi - amount of slag for leaching test (g). 

The relative removed fraction of element - Re(i) - expressed in % was calculated by formula: 

              (2) 

where: 
Qi - content of element in solid slag before leaching (mg/kg). 
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3. RESULTS AND DISCUSION 

The content of major elements expressed in oxides and content of the free CaO summarized Table 2. Content 

of K and Na expressed in oxides is low than 0.5 wt. %, TiO2 (as content Ti) is lower than 0.7 wt. %, P2O5 (as 

content P) is lower than 0.05 wt % in all studied slags. The principal difference in used samples are in content 

of CaO and SiO2.   

Table 2 The content of major elements in slag samples determined by XRFS expressed in oxides and  

determined the free CaO 

Element Content of elements in slags 
(wt%) 

BS1 BS2 BS3 LS1 LS2 LS3 LS4 

Al2O3 6.70 5.96 6.21 14.1 8.19 19.1 15.9 

CaO 36.1 39.6 38.1 62.4 69.8 51.0 51.6 

Fe2O3 2.76 1.76 1.63 2.90 3.72 3.72 3.01 

MgO 11.1 9.30 11.5 2.57 2.35 3.52 5.51 

MnO 0.500 0.559 0.529 2.22 2.68 2.68 2.19 

SO3 1.26 1.33 1.26 1.17 0.852 0.887 0.82 

SiO2 36.7 37.8 39.1 5.68 5.14 9.26 11.9 

Free CaO <0.10 <0.10 <0.10 0.96 1.88 1.19 1.52 

Determination uncertility: Al2O3 12 %, CaO 8 %, Fe2O3 6 %, MgO 12 %, MnO 5 %, SiO2 9 %, SO3 10 %, P2O5 

8 %, TiO2 10 %, Cr2O3 30 %, Na2O 25 %, K2O 6%, and free CaO 10 %.    

Calculated values of the relative removed fraction of Al, Ca, and Si during leaching process and resulting pH 

value of leachate of blast furnace slags show Figure 1. 

 
Figure 1 Relative removed fraction of Al (a), Ca (b), and Si (c) during leaching blast furnace slags  

and pH (d) of leachate  
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In contrast to the blast furnace slags, the ladle slags have strong basic character, which is reflected in the 

resulting pH of leachate (as show Figure 2d). The S:L ratio have not significant effect on pH of individual slag. 

Figures 2 a,b,c show the calculated value of the relative removed fraction of Al, Ca, and Si during leaching 

process of leachate of ladle slags without or with magnetic separation. It is obvious that Al compounds was 

dissolved in DW very intensively from fresh slags in comparison with landfilled slags. It is means that the Al-

containing phase was almost completely dissolved. The value of relative removed fraction of Al, Ca, and Si 

from fresh ladle slags proved, that fresh slag dissolved more intensively than deposited. 

 
Figure 2 Relative removed fraction of Al (a), Ca (b), and Si (c) during leaching ladle slags and pH (d) of 

leachate  

The kinetic study of relative removed fraction of Al and Ca from LS2 and LS3 slags show Figure 3. Results 

proved that the Ca (especially CaO) and Al compounds of LS2 slag was dissolved immediately after contact 

with DW. It is probably, that in leachate prepared form fresh slag, interaction between the dissolved ions occur 

to form insoluble compounds. The relative removed fraction decreased with increasing leaching time.       

 

Figure 3 Relative removed fraction of Al and Ca during leaching different leaching time of ladle slags LS2 (a)   

and LS3 (b) (=Ca or Al) 
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Changes in the phase composition of LS2 and LS3 slags are shown in Figure 4, and the list of major detected 

compounds summarized Table 4. The above mentioned slags contain the Periclase (Mg0.974Fe0.026)O, Lime 

(CaO), Periclase (MgO), Quartz (SiO2), Allite (Ca3SiO5), Gehlenite (Ca2Al2SiO7), and Tobermoritte 

(Ca2.25(Si3O7.5(OH)1.5)H2O) whose diffraction peaks are not marked for clarity of Figure 4. It is evident, that 

during the leaching, all the Mayenite was dissolved. This results are consistent with the results presenting in 

Figure 2a. 

 

Figure 4 Rtg. diffraction patterns of ladle slag LS2 (a) and LS3 (b) before and after leaching (A, B, C, D, E), 

the major phases are listened in Table 3, diffraction peaks of Mayenite are highlited by the red lines 

Table 3 The label list of the major phases in slag samples determined by powder diffraction 

No. Chemical formula Name No. Chemical formula Name 

1 Ca12Al14O33 Mayenite 4 Ca2SiO4 Larnite 

2 CaCO3. CaMg(CO3)2 Calcite, dolomite 5 (CaO)3(Al2O3)1.425(H2O)4.8 Katoite 

3 Ca2SiO4 Calcio-olivine 6 (Fe2Mg6(OH)16CO3(H2O)4.5)0.375 Pyroaurite 

4. CONCLUSION 

The presented study proved that fresh slags interacted with water intensively than landfilled slag, which change 

phase composition under air condition. The dissolution of some Si compounds were caused by the high pH 

values of the leachate. The main source of Al ions in the leachate is the Mayenite, which is almost all released 

into the leachate from fresh slags. The kinetic study performed on the selected slags showed that the contact 

time of the slag with water may not always lead to the release of a larger amount of cations to the leachate. 

Calcium passed into solution immediately after the first contact of slag with water.    
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Abstract 

Even in the production of steel, the quality of the final product depends on the quality of the raw material used 

for its processing. One of the raw materials that is put into steelmaking furnaces is also steel scrap. The purity 

of steel scrap is one of the main indicators of its quality, which in turn affects the quality of the final product 

leaving the steelmaking furnace, i.e. the quality of the liquid steel melt. Various technologies are currently used 

for the preparation and treatment of steel scrap used as charges for steelmaking furnaces. Baling technology 

is one of the most widely used technologies for scrap treatment nowadays. However, this technology has its 

pros and cons. The presented article will inform readers about the main characteristics of this technology, 

including a description of the three most widely used axial baling presses, used for the production of the biggest 

and heaviest faggots that serve as a charge for steel furnaces. 

Keywords: Metal scrap, metal scrap treatment, baling, bale, charge for steelmaking furnaces 

1. INTRODUCTION 

Baling is, nowadays, a very widespread technology used for the treatment of metal waste (scrap). It is mainly 

used for the relatively light baling metal waste of ferrous or non-ferrous metals. Baling is carried out on a device 

(machinery) called a baling press. The input raw material for baling presses is loose metal waste, the output 

product of the baling press is the so-called bale. Bales made from steel waste serve as a charge into 

steelmaking furnaces. In the conditions of the Czech Republic, these are mainly oxygen converters, electric 

arc furnaces and tandem furnaces.  

The advantage of this technology is its low production costs, practically the lowest in comparison with the other 

commonly used technologies. This deals with the treatment of scrap metal, such as its shearing, crushing and 

briquetting. 

One shortcoming of this technology is the need for the subsequent inspection of the bales and  

their contamination, which is quite difficult to provide. Copper and tin are considered to be particularly 

hazardous elements in steel waste. This is also why bales with smaller dimensions (the cross-section) are 

currently preferred than they were in previous periods. Smaller bales have a relatively large specific surface 

area m2.kg-1 and visual inspection of their contents is more effective [1]. However, small bales, unlike the bigger 

ones, have larger production costs CZK.kg-1. The highest quality bales are the ones produced from ‘new’ 

waste, which is created directly in some production (e.g. cuts from sheet metal pressing shops), as there is a 

high purity guaranteed. The aim of the presented article is to provide important information about this 

technology of iron scrap preparation, including a description of the two most widespread types of baling 

presses. The information should serve potential users of baling technology for quick orientation in the given 

issue. 
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2. MATERIALS SUITABLE AND UNSUITABLE FOR BALING 

Suitable (baleable) material consists mainly of sheet metal cuttings or eventually discarded structures from 

weaker profiles up to the strength of 450 MPa. Using conventional baling presses up to a specific pressure of 

10 to 30 MPa on the pusher of the last pressing operation, it is possible to advantageously form a sheet of the 

grade 11, thin-walled steel structure or sheet metal waste with a 15 to 30 % weight fraction of long (soft) steel 

chips. When baling light steel waste, the pressure on press pushers used is exceptionally up to 40 MPa. 

Materials that cannot be used for baling include whole sheet metal sheets (sheet metal sheet layers cannot be 

effectively deformed), hollow vessels of an unknown content, objects with an unauthorized wall thickness and 

with high material strength, electric motors (a high copper content), radioactive material, etc. [2]. Small steel 

cuts cannot be used for baling (with an area of square centimetre units), created, for example, by the 

perforation of sheet metal strips in press shops. These tiny punches worsen the cohesion of a bale, they fall 

out and jam in the joint between the pusher and the walls of the pressing box. It is also not possible to use 

steel chips or ropes for baling. The reason for this is the poor cohesion of the bale already when it is pushed 

from the baling press and the high bale suspension value, which can ultimately lead to the complete 

disintegration of the bale [3]. 

3. BALE DIMENSIONS, SHAPE, SIZE AND DENSITY REQUIREMENTS 

Baling presses are intended for pressing light and large steel waste, or eventually non-ferrous metals. If we 

are talking about a baling press with a vertical prepress, then the pressing box has a dimension A x B x C, 

(Figure 1) into which the waste for baling is loaded, whereby using a gradual, in this particular case, a three-

stage (triaxial) pressing reduces the size of A to a3, B to b3 and C to c3. The mentioned type of press has three 

pressing parts P1, P2, P3, where the last part of the pressing process causes a response of R3 pushing on the 

door.    

    

A        B 

Figure 1 Diagram of the baling process on a baling press with a vertical precompress - A [1], bale is product 

of baling technology - B [6]  

For the processing of small size metal waste, baling presses with two-stage (biaxial) pressing are used, where 

e.g. B = b3 or with a single-stage (uniaxial) pressing, where B = b3 and at the same time C = c3. Designs of 

presses with two-way repressing are also known, where R3 = P3, presses with the lid covers of the pressing 

box or with a sliding wall, presses with bale being tilted from the pressing box, or with a crane mechanism for 

their removal. Presses with an octagonal bale profile were also manufactured and presses with bale extrusion 

provided by pressure rollers were tested. Bale with a prism cross-section (Figure 1) can be described using 
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the pusher sizes of the last pressing operation (P3) a3 x b3 and its finished length in the press box c3, which 

tends to be variable for the diversity (size and orientation) of the waste on the feed into the baling press, and 

due to various loading weights G of the waste fed. Bale dimensions can be also measured outside the press 

box (dimensions a4, b4, c4). The average density of the bale in and out of the pressing box is given by the 

expression 

j = kfl.Yl .Xl  >  n = kfo.Yo .Xo .            (1) 

where:  

ρ3,4 - specific weight of the bale in the press box (index 3) and outside the press box (index 4) (kg.m-3), 

G - bale weight (kg), 

a3,4 - bale width in the press box (index 3) and outside the press box (index 4) (m),  

b3,4 - bale height in the press box (index 3) and outside the press box (index 4) (m),  

c3,4 - bale length in the press box (index 3) and outside the press box (index 4) (m). 

The average density, also known as compactness, which is a contractual designation for the specific weight 

of the bale ρ4 is calculated from the weight of bale G and its dimensions outside the press box. When a bale 

is pushed out of the pressing box, it is enlarged by a flexible deformation, and this flexibility is approx. 4 to 6 % 

in length and about 15 % in volume. For processing new sheet metal waste from pressing shops, for example 

from car manufacturing companies, baling presses with forces needed for each pressing operation are 

designed up to 3.15 MN, where the bale profile dimensions are 300 mm x 300 mm or 400 mm x 400 mm, and 

the bale lengths range from 200 mm to 600 mm. Requirements from the customers for the bales to be 

approximately the same length even when they are repressed to full force, are solved in pressing shops by 

weighing sheet metal cuts before they are feed into the pressing box - the same weight of the dose for each 

bale must be observed. The bale density ρ4 is achieved from 3,000 to 3,500 kg.m-3. 

In large treatment plants (former plants called Kovošrot = scrap metal plants, or in their successor companies), 

large baling presses are used in the Czech Republic, with max. forces of any of the pressing operation ranging 

from 4 MN to 12.5 MN. Bales then have a cross-section from 500 mm x 500 mm for a press with the tonnage 

of 4 MN and up to 800 mm x 800 mm for a press with the tonnage of 12.5 MN, the length of bales is up to 

2,000 mm. The bale density ρ4 can be from 2,000 kg.m-3 to 3,000 kg.m-3. Small baling presses of a tonnage 

around 1 MN are also used for pressing a bale of 300 mm x 300 mm with a length of up to 600 mm. These 

presses are mainly used for the treatment of suitable waste concerning non-ferrous metals. The latest trend 

of recent years is to use movable baling presses with a tonnage of approx. 1.4 MN placed onto trailers with 

bales reaching 500 mm x 800 mm and with a length of up to 1000 mm, with a bale density ρ4 = 1,500 kg.m-3 

to 2,500 kg.m-3. Bale purchaser requirements for their average density vary widely, as some require the density 

of a bale to be such that the bale can withstand transportation and does not fall apart, and some demand the 

highest possible density. 

4. TRIAXIAL BALING PRESSES AND THEIR MAIN PARTS 

When converting the original metal waste with a density from 0.1 t.m-3 to 0.6 t.m-3 into a compact bale of a 

density from 2 t.m-3 to 3.5 t.m-3, it is necessary to overcome the forces arising from 

-  the deformation of the pressed material, 

- the displacement of the compressed parts on the top of others, 

-  the displacement of the pressed scrap along the press walls 

All these forces depend on the amount, type and orientation of the scrap loaded into the baling press. Even if 

a batch of the same homogenous scrap and weight is fed (for example, metal waste from sheet metal pressing 
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shops), the resulting bales will be of different lengths and, therefore, of different densities. When pressing 

amortization scrap under comparable conditions, the dispersion of density is roughly in the range of ±25 %. 

In practice, baling presses use usually press scrap in one, two, or three directions of mutually perpendicular 

axes [4]. The latest group is the most often one used for the production of bales charged into steelmaking 

furnaces [5,6,7]. Practically, there are two different designs of presses in this group. These are presses with a 

vertical precompress Figure 2 and presses with a horizontal precompress Figure 3. 

 

Figure 2 Scheme of a triaxial baling press with a vertical precompress [8] 

 

Figure 3 Schematic diagram of a triaxial baling press with a horizontal precompress [4]  

Charging hopper moves scrap from the loading area into the pressing box. It consists of a loading trough, in 

which the pusher of the hopper moves. According to the specific design, the front wall of this pusher forms 

either one wall of the pressing box, i.e. presses the scrap to one dimension of the bale, or just moves the scrap 

to the pressing box. 

Feeding hole is an opening intended for loading the scrap to the press. For the press illustrated in Figure 3 
the dimensions are given by the size of the pressing box with an open cover, for presses according to Figure 2 
it is given by the width of the charging hopper with the pusher and the length that the pusher travels. 

Pressing box is the space of the press in which the scrap is formed into the final shape of the bale. Some 

walls of the pressing box are movable. The number and position of movable walls is determined by the baling 

press design. 

Tilting hopper allows the preparation of the loading batch during the pressing period. It is located above the 

feeding hole so that after tilting the waste scrap chutes into the space of the pressing box. Feeding the scrap 
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into the tilting hopper also allows the very rough sorting of the scrap before pressing it. After releasing the 

feeding hole, the scrap is tilted and chuted into the space of the hopper with the pusher, respectively into the 

pressing box. 

Precompress is the name of the penultimate pressing operation, in which the scrap is pressed to the bale 

cross-section with a length corresponding to the width of the pressing box. The ability of the precompress to 

fill the designated space with a sufficient amount of scrap is given by the size of the bale and thus the 

performance of the press. For the proper work of a press, travel of the precompress to achieve the required 

size of bale is determinative. In other words, the precompress pusher must reach the given position (location), 

otherwise it is not possible to proceed with another pressing operation. Technically, it is possible to remove 

incorrectly pressed bales, but basically these are considered to be rejects. 

Repress is the last pressing operation when the bale is pressed to the final length. The termination of pressing 

is due to the increase in pressure in the hydraulic circuit and reaching the predetermined value. In other words, 

the pusher of the repress reaches the maximum force that it is capable of developing. When the pressure is 

reached, bale pressing is finished. The finished bale is then moved out of the pressing box by the pusher. The 

full power of the press is available to push the bale out. 

Door closes the pressing box on the opposite side to the repress. By opening the door, it is possible to push 

out the finished bale from the press.   

Pusher is a rectangular or square body that moves inside the press in a straight line, is in contact and forcefully 

acts on the pressed metal waste, and is driven by a hydraulic cylinder of individual pressing operation stages. 

The triaxial baling press with a vertical prepress in Figure 2 is equipped with three pushers - a charging hopper 

with pusher, precompress and repress.   

Press cover represents for presses with a horizontal precompress, as in Figure 3, the first pressing operation, 

when the waste in the pressing box is compressed to the height of the bale by this press cover. The following 

two pressing operations, i.e. precompress and repress, are done by means of pushers. 

5. FACTORS INFLUENCING THE PRESS DESIGN 

The design of the baling press is mainly influenced by the following factors: 

-  the quantity of available scrap suitable for baling, 

- the required bale cross-section, sometimes even the density of a bale, 

-  scrap thickness, or eventually proportional representation of the scrap thicknesses, 

-  the dimensions of the processed scrap, 

- the purity and condition of the scrap. 

For the economical operation of baling technology, a sufficient amount of scrap suitable for baling is essential. 

For the smallest presses, it is necessary to have around 6,000 t of light scrap per year, for large machines to 

have a quantity of about 100,000 t per year. If a certain specific cross-section of the bale and hourly output are 

required, the dimensions of the press are this way specified, and also dimensioning for the hydraulic drive is 

determined. If a specific cross-section of a bale is not required, a larger cross-section is preferred, with regard 

to the press performance. The cross-section of the bale has a very significant impact on the performance of 

the press. Scrap thickness is the biggest limitation to baling technology. Scrap with a maximum wall thickness 

of about 12 mm can be processed. However, scrap of such a thickness can be processed only on large baling 

presses. It is recommended that scrap with a maximum wall thickness should account for a maximum of 20 % 

of the batch. The rest of the batch must consist of scrap with a lower thickness (about 50 % of scrap with up 

to its half thickness). The fed scrap should not exceed the dimensions of the feeding hole designed for a given 

baling press. Additional enlarging of the feeding hole is very costly. So, it is always necessary to choose 

between the possibility of purchasing a larger press and thus obtain a resulting higher performance at 
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increased purchasing costs or introducing increased costs for the pre-treatment of the scrap. When designing 

a press, it is necessary to consider not only the largest dimensions of the scrap, but also its smallest 

dimensions. If the thickness of the smallest scrap is comparable to the clearance between the press wall and 

the pusher, or it is necessary to press scrap of a size comparable to e.g. coins, it is necessary to line all 

surfaces in contact with the scrap using grooved sheets to prevent pushers get stick inside the pressing box. 

Despite these measures, the coins will not be fully pressed into the bale and after pushing a bale out of the 

press, the part of the smallest scrap will fall off the bale, but the press will be not damaged. Within a project, 

the designer and contractor must remember to consider these weight losses. Scrap able to be baled, especially 

amortization scrap, is the largest source of impurities polluting steel. An impurity in steel is considered to be 

anything that is not intentionally added to steel to achieve the required steel properties, or for other reasons. It 

is, therefore, clear that material suitable for baling are those that are unpolluted, homogenous, and preferably 

with a known chemical composition, so that alloying elements from scrap can be used in creating the steel 

chemical composition. 

6. CONCLUSION 

The technology of metal scrap processing by bailing is one of the most economical methods of preparing a 

charge for steelmaking furnaces [8]. When using this technology, it is very important to ensure, above all, the 

purity of the feedstock - processed scrap. This can be achieved by consistent sorting, i.e. by removing all 

undesirable impurities. The baling operation is carried out on a machine called a baling press. The feedstock 

for the baling press is loose pure metal waste scrap, and the output product leaving the baling press is the so-

called bale. The largest baling presses process metal waste acting in three perpendicular axes. Bales 

produced this way can reach a specific weight up to 3,500 kg m-3 and the cross-section of a bale can be (height 

x width) approx. 800 mm x 800 mm.  
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Abstract 

The article will deal with the determination of austenite decomposition temperatures using the available SW 

FactSage. The determination of austenite decomposition temperatures is one of the basic information that can 

provide the technologist and subsequently help to change the properties of steel during steel processing. 

Austenite is one of the interstitial carbon solutions. Austenite is characterized by a cubic area-centered lattice 

and its structure is formed by regular grains. Various phases or structural components may form during cooling 

of austenite. Depending on the cooling of the steel, perlite, bainite and martensite may be formed. During the 

cooling of the steel, the area-centered lattice changes to a spatially centered iron lattice alfa. The aim of the 

presented work will be to determine the decomposition temperatures of austenite in 41Cr4 steel. 

Keywords: Steel, FactSage, austenite, transformation, temperature 

1. INTRODUCTION 

For the changing world market of the steel industry, which uses other technological processes of steel 

production, knowledge of austenite decomposition temperatures is very important for understanding the basic 

properties of steel. Modern economical production and processing of steel as well as constantly meeting the 

customer's requirements for the quality of the steel produced require accurate information on the austenite 

decomposition products for a given steel grade [1]. 

An important area of application of the knowledge of phase transformation temperatures is the solidification of 

steel, because the transformations that occur in the steel during its cooling are one of the decisive factors that 

most affect the final properties of the steel. In particular, austenite transformations at different cooling rates 

and different degrees of subcooling are of great practical importance for the heat treatment of steel. Individual 

types of transformations (peritectic, bainitic, martensitic) differ in the course and decomposition products of 

austenite. After heat treatment, we get steels with different physical properties [1,2]. 

As the cooling rate increases, the phase transformations take place at lower temperatures than those 

corresponding to the equilibrium diagram [2]. Upon accelerated cooling, austenite transforms into perlite at a 

lower temperature and in a range of carbon concentrations, which increases with increasing cooling rate 

(further increase in cooling rate leads to martensitic conversion) [3]. Another parameter that affects austenite 

decomposition temperatures is pressure. As the pressure increases, the solubility of carbon in austenite 

decreases and the temperature of the beginning and end of austenite decomposition decreases [3,4]. 

The aim of the presented technical article is to determine the austenite decomposition temperature (Ac1 and 

Ac3) using the FactSage software. Based on the calculation, a regression analysis will be compiled using a 

regression equation, which will be determined using Microsoft Excel 2016. 
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2. AUSTENITICAL PHASES 

Austenite is an equilibrium structural component existing at higher temperatures in polymorphic steels. As 

mentioned above, austenite is formed by the transformation of a ferritic-cementitic structure, which is referred 

to as the austenitization process. Two processes are important in this process, namely austenite 

homogenization and austenitic grain growth [4]. 

Various phases or structural components may be formed during cooling of the austenite. The basis of the 

ongoing transformations is, under equilibrium conditions, the change of the cubic surface-centered iron lattice 

γ to the spatially centered iron lattice α, the carbon content is also reduced, and cementite is formed. Diffusion 

of iron atoms is required for allotropic conversion of the iron lattice, and carbon diffusion is required for carbon 

redistribution and carbide formation. Both processes are affected by the transformation temperature [4,5]. 

The pearlitic transformation is the transformation of austenite that occurs during its slow cooling (or at a higher 

temperature of isothermal endurance). Under equilibrium conditions and at eutectoid concentration, perlite is 

formed from austenite, which is a mixture of ferrite and cementite. The growth of perlite is thus conditioned by 

the formation of germs of both phases. This conversion is diffuse, and the growth rate of perlite does not 

depend on time but increases with increasing supercooling. As austenite subcooling increases, the amount of 

cementite and the thickness of the pearlitic lamellae decreases. The pearlitic transformation is significantly 

influenced by the additive elements, which in most cases slow down this transformation. The resulting perlite 

reaches the lowest hardness of the possible austenite transformations [6,7]. 

The bainitic transformation takes place during medium-rapid cooling (or at medium isothermal holding 

temperature), at temperatures below about 550 °C and above the martensitic transformation temperature. 

Bainite is formed, which consists of ferrite (which is formed by the shear mechanism) and cementite (which is 

formed by the diffusion mechanism). With the transformation temperature and with the chemical composition 

of austenite, the structure of the emerging bainite also changes; we distinguish between the so-called upper 

and lower bainite. The structure of lower bainite is, in contrast to perlite, harder and has a finer structure [7,8,9]. 

The martensitic transformation occurs during rapid cooling of austenite, the maximum rate at which diffusion 

transformations are still suppressed is referred to as the critical cooling rate. This transformation produces 

martensite, which is a supersaturated solid solution of carbon in iron α, due to its high carbon content, 

martensite has a high hardness. It is formed without diffusion transformation by a shear mechanism (i.e., the 

chemical composition of martensite will be the same as the composition of the starting austenite). The 

temperature at which the martensitic transformation begins does not depend on the cooling rate of the 

austenite but it is a function of the state of the austenite (especially its chemical composition) [7,8,9]. 

3. DETERMINATION OF AUSTENITE DECOMPOSITION TEMPERATURE 

The literature data are mostly limited to specific steel types and are insufficient to determine the thermodynamic 

properties of steel, especially depending on temperature. In the publications, the authors limit themselves to 

constant values of thermophysical quantities for a specific temperature. Thermodynamic properties can be 

further determined according to empirical equations [10]. These are mainly regression equations, which were 

constructed based on empirical research. Here, too, restrictions apply about the studied chemical composition 

of steel. Another of the mentioned methods can be, for example, the determination of thermophysical 

properties of steels using the pseudo-binary phase diagram Fe-C mentioned in [11]. 

FactSage SW was used to determine the Ac3 and Ac1 decomposition temperatures of austenites in 41Cr4 

steel grade. The chemical composition of the steel can be seen from Table 1. Figure 1 shows an austenite 

decomposition graph showing Ac3 and Ac1 temperatures for 41Cr4 steel. The database FSstel was chosen 

to determine austenite decomposition temperatures for steel 41Cr3. The average temperature Ac3 is 770 °C 

and Ac1 is 740 °C. The calculated temperatures vary by up to 30 °C depending on the chemical composition. 

The austenite decomposition takes place in undereutectoid steels (with a carbon content of 0.02 wt.).  
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The temperatures of Ac3 and Ac1 can be affected by the presence of individual elements in the steel. The Ni, 

Mn or C elements are austenitic, thus expanding the austenite region and thus lowering the onset and end 

temperatures of austenite decomposition. On the contrary, elements such as Si or S belong to the ferrite-

forming ones, they narrow the region of austenite and thus increase the temperature of the beginning and end 

of austenite decomposition (P and Cu behave in the same way). Cr is also one of the ferrite-forming elements, 

but it increases the end temperature of the austenite decomposition and decreases the temperature of the 

austenite decomposition. 

Table 1 Chemical composition of 41Cr4 steel 

 

C Si Mn P S Cr 

0.38 - 0.45 ≤ 0.40 0.6 - 0.9 ≤ 0.025 ≤ 0.035 0.9 - 1.2 

min. 0.38 0.00 0.60 0.00 0.00 0.90 

avg. 0.42 0.20 0.75 0.01 0.02 1.05 

max. 0.45 0.40 0.90 0.03 0.04 1.20 

 

Figure 1 Austenite decomposition graph (created by FactSage) and showing temperatures of Ac3 and Ac1 

- steel 41Cr4, composed of average chemical composition from Table 1 

4. DETERMINATION OF REGRESSION EQUATIONS OF Ac3 AND Ac1 

The method of multiple regression analysis was used for the regression equations of the austenite 

decomposition temperature depending on the chemical composition [11,12]. It is used in cases in which it is 

necessary to find out certain quantitative variables on one or more other quantitative variables, so-called 

regressors. It must be determined in advance which variable is independent and which is dependent. The 

regression method is to determine the dependence of Ac3 and Ac1 on variables using a suitable mathematical 

model. 
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4.1. Regression equation of austenite decomposition Ac3 temperature 

The basis for creating the regression equation is the determination of the austenite decomposition temperature 

(Ac1 and Ac3) in the FactSage 8.1 software for 66 combinations of the chemical composition of 41Cr4 steel 

within the limits defined by the standard. The obtained austenite decomposition temperatures from the software 

are entered in the Excel table. In individual cases, the Excel 2016 spreadsheet processor, which is part of 

Microsoft Office, was used for data processing using the multiple regression analysis method. After performing 

the regression analysis, we get the values that we can substitute into equation  

(1,2). These regression equations are also the output of regression analysis. A detailed description of the 

results is given below. 

In Table 2, the regression results are recorded (already arranged - according to the t Stat value). 

Table 2 Ordered regression results (austenite decomposition onset temperature - 41Cr4 steel) 

 Coefficients Mean value error t Stat P value 

Constant 856.7658146 1.39170839 615.6216496 4.8231E-114 

C -174.6676718 2.359901576 -74.01481216 6.76105E-60 

Si 24.13164302 0.370564195 65.12135635 1.17764E-56 

Mn -20.40778728 0.579727471 -35.20238097 2.63583E-41 

P 135.0186819 6.317078762 21.37359482 1.8252E-29 

S 37.72920461 4.800847145 7.858863961 9.48276E-11 

Cr -5.820929603 0.586102442 -9.931590762 3.32338E-14 

First, the statistical significance of the regression model as a whole will be evaluated. The achieved level of 

significance of the F-test (Significance F) takes the value 2.3862·10-67, which is a much lower value than the 

selected level of significance α. From this it can be said that the chemical composition has a significant overall 

effect on the onset temperature of austenite decomposition, which is characterized by the reliability value R 

(0.99). According to this value, it can be said that the total influence of all elements on the onset temperature 

of austenite decomposition is 99 %. The remaining percentages (1 %) express the influence of other aspects, 

which are not the subject of this work. 

Furthermore, the statistical significance of individual regression coefficients will be evaluated. The regression 

coefficients of all elements acquire lower values in the t-test significance level (P value) than the selected 

significance level α, therefore they have a statistically significant effect on the solidus temperature. 

The influence of statistically significant elements on the temperature of the onset of austenite decomposition 

decreases according to the column t-Stat, i.e., carbon has the highest effect on the solidus temperature in this 

case. The regression coefficients of the elements have both negative and positive signs, which means that as 

the content of a given element increases, the temperature of the onset of austenite decreases or increases. 

This is because some elements are austenite-forming and others ferrite-forming. 

The resulting regression equation for calculating the austenite onset temperature of 41Cr4 steel has the 

following form 

p�Xl = 856.8 − 174.67 ∙ G%�J + 24.1 ∙ G%�wJ − 20.4 ∙ G%yLJ + 135.01 ∙ G%{J + 37.71 ∙ G%�J − 5.82 ∙ G%�|J  (1) 

4.2. Regression equation of austenite decomposition Ac1 temperature 

In Table 3, the regression results are recorded (already arranged - according to the t Stat value). 
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Table 3 Ordered regression results (austenite decomposition end temperature - 41Cr4 steel) 

 Coefficients Mean value error t Stat P value 

Constant 738.723768 2.709318581 272.6603558 3.49E-93 

C 6.8590915 4.594155813 1.493003672 0.140765 

Si 17.044636 0.721398583 23.6272103 9.07E-32 

Mn 14.5533007 1.128588733 -12.89513197 8.18E-19 

P 28.5334544 12.29781971 2.320204317 0.023808 

S 31.9015675 9.346084619 3.41336172 0.001165 

Cr 4.95363044 1.140999256 4.341484368 5.63E-05 

First, the statistical significance of the regression model will be evaluated. The achieved level of significance 

of the F-test (Significance F) takes the value 2.50618∙10-34, which is a much lower value than the selected 

level of significance α. From this it can be said that the chemical composition has a significant overall effect on 

the onset temperature of austenite decomposition, which is characterized by the reliability value R (0.941). 

According to this value, it can be said that the total influence of all elements on the solidus temperature is 

94.1 %. The remaining percentages (5.9 %) express the influence of other aspects, which are not the subject 

of this work. 

Furthermore, the statistical significance of individual regression coefficients will be evaluated. The regression 

coefficients Mn, P, S, Cr, Si acquire lower values in the level of significance of the t-test (P value) than the 

selected level of significance α, therefore they have a statistically significant effect on the solidus temperature. 

The coefficients of the C elements do not meet this condition. 

The influence of statistically significant elements on the austenite decomposition end temperature decreases 

according to the t-Stat column, i.e., manganese has the highest effect on the solidus temperature in this case. 

The regression coefficients of the elements have both negative and positive signs, which means that as the 

content of a given element increases, the temperature of the onset of austenite decreases or increases. This 

is because some elements are austenite-forming and others ferrite-forming. 

The resulting regression equation for calculating the austenite decomposition end temperature of 41Cr4 steel 

has the following form: 

p�X< = 738.72 + 6.86 ∙ G%�J + 17.044 ∙ G%�wJ − 14.55 ∙ G%yLJ + 28.53 ∙ G%{J + 31.90 ∙ G%�J + 4.95 ∙ G%�|J(2) 

5. CONCLUSION 

This paper deals with the determination of the decomposition temperature of austenite steel grades (41Cr4) 

and the design of regression equations for the calculation of these temperatures. The following findings were 

obtained from the experimental part: 

1) The decomposition of austenite takes place in the temperature range Ac3 - Ac1. These temperatures 

can also be affected by the presence of individual elements in the steel. The austenite-forming elements 

expand the austenite region and thus reduce the onset and end temperatures of austenite 

decomposition. Conversely, ferrite-forming elements narrow the austenite region and thus increase the 

temperature of the beginning and end of austenite decomposition (this is reflected by a negative or 

positive sign for the regression coefficients of the determined equation). 

2) For 41Cr4 steel, the chemical composition has a statistically significant effect on the onset temperature 

of austenite (Ac3) decomposition of 99 % and 1 % of Ac3 temperature is influenced by other influences. 

The regression coefficients of the elements C, Mn, Si, P, S and Cr acquire lower values in the t-test 
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significance level (P value) than the selected significance level α, therefore they have a statistically 

significant effect on the Ac3 temperature. The obtained equation (1) has the following form: 

p�Xl = 856.8 − 174.67 ∙ G%�J + 24.1 ∙ G%�wJ − 20.4 ∙ G%yLJ + 135.01 ∙ G%{J + 37.71 ∙ G%�J − 5.82 ∙ G%�|J 

3) For 41Cr4 steel, the chemical composition has a statistically significant effect on the austenite (Ac1) 

decomposition end temperature of 94.1 % and from 5.9 % the Ac1 temperature is influenced by other 

influences. The regression coefficients of the elements Mn, P, S, Cr, Si acquire lower values in the level 

of significance of the t-test (P value) than the selected level of significance α, therefore they have a 

statistically significant effect on the temperature Ac1. This condition is not met by the coefficient of 

element C, and therefore their effect on the temperature Ac1 will not be significant. The obtained 

equation (2) has the following form: 

p�X< = 738.72 + 6.86 ∙ G%�J + 17.044 ∙ G%�wJ − 14.55 ∙ G%yLJ + 28.53 ∙ G%{J + 31.90 ∙ G%�J + 4.95 ∙ G%�|J 
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Abstract 

The paper compares classical models for determining the thermophysical properties of steels based primarily 

on empirical equations derived using linear regression methods with models created using machine learning 

methods. The selected investigated quantities include phase transformation temperatures, specific heat 

capacity, coefficient of thermal expansion. The results of both approaches are verified on the measured data 

by methods of thermal analysis such as differential scanning calorimetry, differential thermal analysis and 

dilatometry. The methods are evaluated both in terms of the accuracy of predictions and in terms of the 

adequacy of use for a specific purpose, or in terms of the complexity of creating and using the model. 

Keywords: Metallurgy, steel, properties, applications, testing methods 

1. INTRODUCTION 

Steel is still remaing one of the most important materials in world because of its properties and it is not going 

to change any soon [1,2]. Thermophysical properties of steel are very important for both manufacturing 

processes (control of melting, casting, heat treatment processes) both research purposes (modelling of 

technology operations) [3]. Results in work were obtained by using of a linear regression (liquidus and solidus 

temperature, specific heat capacity), and two methods of machine learning. Multi-layer perceptron (artificial 

neural network) was used for predicting of liquidus and solidus temperature and method of decision tree for 

predicting of specific heat capacity. 

1.1. Linear regression 

In a number of technical areas, the dependence of the output quantity y on the values of the input variables x 

is monitored [4]. The sought-after quantity y can also be the thermophysical properties of materials, such as 

e.g. liquid temperature, solidus or heat capacity. The input variable x is then usually the composition of the 

material (proportion of individual elements or components), and if the required quantity is temperature 

dependent, then also the temperature. Determining the specific relationship between composition, temperature 

and the thermophysical quantity sought is then the task of regression analysis. Regression analysis is one of 

statistical methods by which we estimate the value of a certain random variable (so-called dependent 

variables) based on knowledge of other variables (independent variables). The most common type of 

regression is linear regression, where a dependence in the form of a linear function is assumed, although the 

arguments of the function may not be linear [5]. The linear regression can be multiple and the searched function 

then has the form: 

y=β0+β1∙x1+β2∙x2+β3∙x3+...+βn∙xn              (1) 

where: 

 y - dependent variable (1) 

 βi - coefficient (1) 
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 xi - independent variable (1). 

If a given phenomenon has a nonlinear dependence on one of the quantities, the problem can be linearized 

and the sought dependence can take on a form combining linear and nonlinear terms:  

y=β0+β1∙(ln(x1)) +β2∙ �))+β3∙x3+...+βn∙xn             (2) 

The actual search for βi coefficients is then routinely performed by the least squares method, which minimizes 

the sum of the squares of the deviations between the measured value and the estimated value [6]. Coefficient 

estimates can be obtained using regression tools e.g. in Excel or using software such as Matlab, Octave, R or 

some of the Python libraries (Scikit, Sklearn), which also offer tools for determining the suitability of a given 

linear model. Of these, the most frequently used coefficient of determination is R2, the mean squared error 

MSE (mean squared error), or the square root of the mean squared error RMSE (root mean squared error). 

Furthermore, these software tools allow you to identify variables that do not have a significant impact and can 

be neglected when looking for dependencies. A description of all regression diagnostics tools that can be 

applied using the above SW is in [7]. 

1.2. Machine learning 

Machine learning techniques expanded in last decades into almost all fields of science, material engineering 

is not an exception. Rapid development of algorithms and increasing computational power of computers allows 

to model even highly non-linearly dependent properties [8-10] 

An ANN consists of 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 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 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 [11-13]. 

Decision tree learning or induction of decision trees is one of the predictive modelling approaches used in 

statistics, data mining and machine learning. It uses a decision tree (as a predictive model) to go from 

observations about an item (represented in the branches) to conclusions about the item's target value 

(represented in the leaves). Tree models where the target variable can take a discrete set of values are called 

classification trees; in these tree structures, leaves represent class labels and branches represent conjunctions 

of features that lead to those class labels. Decision trees where the target variable can take continuous values 

(typically real numbers) are called regression trees. Decision trees are among the most popular machine 

learning algorithms given their intelligibility and simplicity [14-16]. 

2. METHODOLOGY 

Over 150 alloyed steel grades were used for obtaining linear regression equations. The same data set was 

used for training, validating and testing of ANN. These element contents represent inputs to the model. Output 

of model is a value of TL and Ts. The chemical composition of the steels used in modelling is summarized in 

Table 1. Source of these data is [17]. Table 2 shows range of 37 steel grades used for validation of obtained 

models. Also linear regression equations for specific heat capacity were obtained based on this dataset which 

properties were described in [18]. 
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Table 1 The composition of steels used for the creation of the ANN 

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. 

Table 2 The composition of steels used for evaluating of the ANN models and obtaining equations for cp 

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. 

3. RESULTS 

3.1. Temperature of liquidus 

Using linear least squares regression, described previously, the liquid temperature equation for Fe-C-O-Cr, 

Fe-C-O-Ni and Fe-C-O-Cr-Ni alloys was derived using SW Matlab. The experimentally obtained liquidus 

temperatures of 36 alloys were measured by direct thermal analysis. The obtained equation has the form: 

pL = 1543.5 − 75.068 ∙ �M� − 3,456 ∙ �M�| − 2.904 ∙ �M�w + 16.580 ∙ �M� − 67.876 ∙ �MyL + 1671.400 ∙ �M�w +2120.900 ∙ �M{ − 150.610 ∙ �M� − 421.450 ∙ �M0K − 1261.700 ∙ �M�
 + 202.740 ∙ �M�� − 22.839 ∙ �M�     (3) 

where: 

 wt - mass fraction (%) 

Figure 1 shows a comparison of the experimentally obtained liquidus temperatures and the temperatures 

obtained using the new equation. The coefficient of determination is 0.99, which means a very good 

agreement. The standard deviation of the measured and calculated values is 3.36 °C. 

3.2. Temperature of solidus 

Using same procedure as for liquidus temperature, the temperature of solidus was derived. The experimentally 

obtained solidus temperatures of 36 alloys were measured by direct themal analysis. The obtained equation 

has the form: 

pL = 1539.8 − 183.3 ∙ �M� − 4.6 ∙ �M�| − 4.8 ∙ �M�w − 9.7 ∙ �MyL − 48.1 ∙ �M�w − 99.4 ∙ �M{ − 934.1 ∙ �M� −−109.9 ∙ �M�
 − 16.9 ∙ �M� + 7.4 ∙ �My�            (4) 

Figure 2 shows a comparison of the experimentally obtained solidus temperatures and the temperatures 

obtained using the new equation. The coefficient of determination is 0.945, which means a very good 

agreement. The standard deviation of the measured and calculated values is 11.1 ° C. 

3.3. Specific heat capacity 

Two equations for the heat capacity calculation were derived using least squares linear regression. They were 

divided into an area from 30 to 650 °C and from 850 to 1450 °C. For simplicity, phase transformations were 

not included in the calculation. The use of neural networks would be more appropriate to describe the course 

of heat capacity in the whole range, ie from 30 to 1580 °C. 
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Equation for temperature interval of 30 - 650 °C: 

Wp = 0.366 + 0.001 ∙ p + 0.021 ∙ �M� + 0.001 ∙ �M�| − 0.002 ∙ �M�w + 0.535 ∙ �M� + 0.499 ∙ �MyL − 0.855 ∙�M{ − 0.064 ∙ �M� + 1.482 ∙ �M0K + 0.890 ∙ �M�
     (J·K-1·g-1)          (5) 

Equation for temperature interval of 840 - 1 450 °C: 

Wp = 0.829 + 0.063 ∙ �M� − 0.009 ∙ �M�| − 0.005 ∙ �M�w − 0.923 ∙ �M� − 1.202 ∙ �MyL + 5.740 ∙ �M{ − 0.373 ∙�M� − 1.550 ∙ �M0K − 1.042 ∙ �M�
 (J·K-1·g-1)      (6) 

Figure 3 shows a comparison of experimentally obtained heat capacities and values obtained using the new 

equation. The coefficient of determination is 0.99, which means a very good agreement. The standard 

deviation of the measured and calculated values is 0.01 J·K-1·g-1. 

Figure 4 shows that there is less agreement between the measured and calculated values than in the case of 

up to 650 °C. The coefficient of determination is 0.88. The standard deviation is 0.05 J·K-1·g-1. Less agreement 

may be due to the fact that up to 900 °C heat capacities could still be affected by the course of phase 

transformations they could also be affected by the dissolution of carbides in the range of 900 - 1000 ° C. The 

fact that the heat capacities were measured up to 700 °C on the Setaram Sensys Evo TG / DSC and from 700 

to 1580 °C on the Setaram MHTC 96 Line can also play a role. 

  

Figure 1 Liquidus temperature - model vs. 

measurement 
Figure 2 Solidus temperature - model vs. 

measurement 

  

Figure 3 cp - model vs. measurement  

(30 - 650 °C) 
Figure 4 cp - model vs. measurement 

(840 - 1 450 °C) 
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Table 3 shows results obtained by linear regression compared with results obtained by machine learning 

methods in previous work [19-21]. As for liquidus and solidus temperature, both methods seem to be suitable 

but linear regression slightly overperforms ANN. Usability of derived equations is strictly limited by the range 

of chemical composition of steel grades used. As for specific heat capacity, linear regression fails in giving 

reasonable values near the temperatures of phase changes (both in low- and high-temperature area) and 

using of decision tree modelling gives more accurate results in whole range of temperatures. 

Table 3 Comparison of results obtained by different methods 

 R2 (1) 

 Linear regression ANN 

Liquidus temperature 0.99 0.92 

Solidus temperature 0.95 0.94 

Specific heat capacity 0.99/0.88 0.98 

4. CONCLUSION 

Paper shows possibility of using classic approach of modelling thermo-physical properties, on example of 

temperatures of liquidus and solidus and specific heat capacity. The method of linear regression is suitable for 

phase change temperature predictions but fails in describing continuous property dependent not only on 

composition but also on temperature. Reason is non-linearity in course of the specific heat capacity 

dependency on temperature during phase changes. For predicting properties dependent on temperature, the 

method of decision tree from broad family of machine learning methods seems to be much more suitable. As 

for the multi-layer perceptron artificial neural network method, it seems to be good for predicting temperatures 

of phase changes, but it is slightly overperformed by linear regression model both for liquidus and solidus 

temperature. One must be careful when using obtained equations and avoid using them outside of the validity 

range - outside of the chemical composition range mentioned in the paper. 
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Abstract 

Presented paper deals with the technology of production of ductile iron on industrial scale. Particularly, the 

material in question is EN-GJS-400-18-LT, which is suitable for castings intended for extreme conditions. 

Drawing on previous works, most attention has been paid to the implementation of the cored wire technology 

for modification and primary inoculation. Two technological options were compared, namely modification and 

primary inoculation by the pour method in the ladle and modification and primary inoculation by the cored wire 

using a twin-core feeder. Test samples within the inlet system of the moulds were cast during the pouring 

process to analyse the chemical composition, evaluate the microstructure and perform mechanical tests 

without interfering with the casting itself. The chemical composition was determined by optical emission 

spectrometry and combustion analysis. Metallographic analysis and microstructure evaluation were performed 

by optical microscopy and image analysis. Mechanical properties testing was focused on tensile test, impact 

test and hardness test. It was demonstrated that the foundry is capable of producing ductile iron of the required 

quality with the adoption of modern cored wire technology. 

Keywords: Metallurgy, ductile iron, cored wire, inoculation, modification 

1. INTRODUCTION 

Cast iron with spheroidal graphite is a modern material with excellent mechanical properties [1-3]. Especially 

ferrite cast iron with spheroidal graphite achieves toughness and strength comparable with steel [4]. Compared 

to other steels used for castings, it features better castability [1]. Cast iron with spheroidal graphite is also 

relatively cheap [5]. Owing to its properties it is used, for example, for working machines manufacturing in 

automobile industry or for manufacturing of aerogenerator components [3,6]. Mechanical properties of cast 

iron are influenced by the graphite shape, nodularity and distribution [6,7]. A large amount of evenly distributed 

spheroidal graphite with high nodularity and small diameter has a positive influence on the cast iron properties 

[2]. Graphite is found standardly in cast iron in the form of flakes, however, after Mg or Ce addition, spheroidal 

graphite is formed [4,8] and the material mechanical properties change. The cast iron structure and thus also 

its mechanical properties are influenced by its modification and inoculation. It is realized, for example, by the 

pouring method at tapping into a ladle or by a more modern cored wire technology [9]. The cored wire method 

can be used for melt from cupola furnaces and from electrical furnaces. [10]. In general, the cored wire 

advantage is automated control, manufacturing costs reduction and environment protection [11]. In case of the 

twin cored system, when one is modifying and the second inoculative, the process stability and quality is 

ensured and safety is increased, no dust escapes and melted metal does not overflow the ladle. The process 
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is less susceptible to variable sulphur content, variable temperature and amount of the processed melt in the 

ladle, the control unit allows automatic recording of the process data. The efficiency increases and costs are 

decreased by reduction of thermal losses, reduction of the brick lining wear and reduction of manpower 

demands. [10,12]. 

As mentioned in the previous paper, [13], the foundry KOVOSVIT MAS Foundry a.s. is able to produce cast 

iron with spheroidal graphite of the required quality, with application of various combinations of charge 

materials, modifiers and inoculation material. Standardly, the pouring method is used for modification and 

inoculation in operating conditions. However, nowadays the cored wire modern technology is used in operating 

conditions for modification and inoculation, which makes the production process more efficient.   

The SCHAFT 1 type casting designed for ship manipulators manufacturers for medium sized ships has been 

selected for experimental melts. Above-standard material quality is required in case of this casting type. The 

casting is manufactured from the EN-GJS-400-18-LT material, i.e. cast iron with spheroidal graphite and ferrite 

matrix with guaranteed value of impact strength at the temperature of -20 °C according to the standard ČSN 

EN 1563 [14].  Within the realized experiments series, the pouring method / sandwich was used for one part 

of the melts and the cored wire method was used for the other part. Simultaneously with the casting, testing 

samples, the so-called Y-Blocs, were added within the gating system; testing bodies for the mechanical 

properties tests and for the metallographic analysis [15-17] were manufactured from the testing samples [14]. 

The aim was to prove successful implementation of the cored wire into the technologic process and the ability 

to ensure standardized production of high-quality castings, using the relevant methodology. 

2. CHARACTERISTIC OF THE SCHAFT 1 CASTING PRODUCTION PROCEDURES   

In order to compare both technologies, one representative melt was selected from each of them. For the pouring 

method / sandwich it was the melt identified as TD75, for the cored wire method the melt was identified as TO93. 

Chemical composition of the melt before tapping has been defined for production of the SCHAFT 1 casting and, 

for illustration, it is specified in Table 1; modification and inoculation will follow. Subsequently the final chemical 

composition of the melt for the casting was designed, which is shown in Table 2. It is appropriate to mention 

that the chemical composition of the melt was the same for the pouring method and for the cored wire method. 

Table 1 Chemical composition of the EN-GJS-400-18-LT material before tapping 

Range 
Chemical composition (wt%) 

C Si Mn P S Cu Mg Cr 

Min. 3.40 0.80 0.10 ××× ××× ××× ××× ××× 

Max. 3.50 0.90 0.15 0.040 0.015 0.05 ××× 0.02 

Table 2 Proposed final chemical composition of the EN-GJS-400-18-LT material for the SCHAFT 1 casting 

Range 
Chemical composition (wt%) 

C Si Mn P S Cu Mg Cr 

Min. 3.30 1.70 0.10 ××× ××× ××× 0.040 ××× 

Max. 3.40 1.90 0.15 0.040 0.010 0.05 0.060 0.02 

The previous papers ascertain that the charge materials selection does not have any significant influence on 

final quality of the casting, providing the ratio and combination of the charge materials are calculated correctly 

for the required composition [13]. For illustration, the composition of the charge of both selected melts is shown 

in Table 3. 
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Table 3 Charge composition of melts TD75 and TO93 at production of the EN-GJS-400-18-LTmaterial 

Melt 
identification 

Ratio of individual melts charge materials (wt%) 

Raw iron Steel waste Returnable material 

Sorel Pig Nod Cupol Mn 0.3 % Si sheet Starting block 

TD75 38.5 20.0 27.7 13.8 ××× 

TO93 36.8 ××× 36.8 ××× 26.4 

A series of experimental melts was realized within the operating experiments, when 2 combinations of various 

technologies of modification and inoculation were tested. The basic technologic procedure was used for 

experimental melts ≈ pouring method / sandwich and the innovated technologic procedure ≈ cored wire, 
modification and inoculation. Both technologic procedures differ by the modification and inoculation method 

only, while the relevant methods consist of the following steps: 

 Charge → the charge composition and its selection was controlled individually, according to the 

metallurgical and chemical quality of available raw materials with guaranteed chemical composition. The 

following charge materials were used for the production: raw iron × steel waste × own returnable material 

in various ratios. 

 Melt → it was conducted according to the required melt amount, corresponding to the number of casted 

castings; 1 or 2 pieces were casted. A medium-frequency furnace was used, with the capacity of 6 t. 

 After the charge melting and when the sampling temperature was reached (t = 1350 to 1400 °C), the slag 

was removed thoroughly, the bath temperature was measured and a sample was taken for the 1st test, 

with focus on the following elements: C, Si, Mn, P, S, Cu and Cr. Subsequently, correction of the melt 

chemical composition was realized. Within the melt course, the melt was maintained at the minimum 

temperature. 

 Before tapping, the chemical composition was verified by a chemical laboratory, with focus on the 

following elements: C, Si, Mn, P, S, Cu, Mg and Cr. The melt goal was to achieve the required chemical 

composition and maintain the correct temperature mode → tmax. = 1380 °C to 1420 °C. 

 Modification / pouring method / sandwich → before tapping, one Pig Nod pig iron is added to the bath for 

better formation of nuclei. Before modification, the ladle was rinsed by liquid metal for sufficient warming 

up of the refractory. Subsequently, master alloys were added on the bottom in the following sequence: 

FeSiMg731 - modifier, Inocast100 - inoculation material and shavings - for reaction delay. 

 Besides the modification, primary inoculation is also realized at tapping, the so-called preoculation by 

inoculation material; Figure 1 shows tapping into the ladle, at simultaneous modification and primary 

inoculation. 

 Inoculation / pouring method / sandwich → 

is realized in two stages, at first within the 

course of tapping into the ladle partly - the 

so-called preoculation and, subsequently, 

the so-called main inoculation takes place, 

which is realized in the basin using 

inoculation blocks within the course of a 

casting casting. For illustration, the 

inoculation blocks in the pouring basin are 

shown on Figure 2. 

 For the cast iron structure optimization by 

inoculation, the inoculation material 

Inocast100 was used for the so-called 

  

Figure 1 Tapping into a ladle at 

simultaneous modification and 

primary inoculation 

Figure 2 Detail of the 

pouring basin with 

prepared inoculation 

blocs 
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preoculation and inoculation blocks Germalloy for the so-called main inoculation. Selection of the 

inoculation material type and amount was realized in dependence on the liquid metal amount and the time 

of the selected casting casting. 

 Modification / cored wire   → it is realized after tapping using the modification box with cored wire of the 

Rumag 25HS type, as shown on Figure 3. The modifying cored wire amount is determined by calculation. 

The initial sulphur amount, modified metal amount and melt temperature are entered into the modification 

box software.  According to the entered parameters (including the preset parameters representing the 

final content of Mg and Mg utilization), the program will calculate the modifying profile length. 

 Inoculation / cored wire   → it is realized in two stages, at first the so-called preoculation by the cored wire   

injection; subsequently, the so-called main inoculation proceeds, which is realized in a basin by 

inoculation blocks within the course of a casting casting. 

 Primary inoculation / cored wire / so-called 

preoculation is realized by injection of the 

inoculative cored wire of the Inform SB13 

type; it is shown for illustration on Figure 4 

in a modification box. Feeding of the 

inoculative cored wire starts by the end of 

the Rumag 25HS type modifying cored 

wire injection, so that both processes 

would be completed simultaneously. 

 Secondary inoculation / so-called main 

inoculation are realized in a basin using the 

Germalloy type inoculation blocks within 

the course of the casting casting. Selection 

of the inoculation material type and amount 

was realized in dependence on the liquid metal amount and the time of the selected casting type casting. 

 Casting, finishing works and output inspection → slag was removed before casting. The casting and 

cooling was followed by the mould dismantling, the casting shakeout and blasting, and the casting 

transport to the storage area. 

 Testing Y-Blocks were poured simultaneously to every casting in the mould; afterwards, testing bodies 

were made from the Y-Blocks for metallographic analysis and mechanical properties tests. The casting 

inspections, which include visual inspection and ultrasound inspection, followed. 

3. ANALYSIS OF SAMPLES FROM EXPERIMENTAL MELTS  

Melt samples with simultaneous temperature measuring were continuously taken from selected points within the 

course of experimental melts realization. Casting of Y-Blocks located in the gating system took place 

simultaneously. The taken samples were marked and analysed gradually; for illustration, individual analyses 

specifications are described below: 

 Chemical composition analysis→ it was realised by means of optical emission spectrometry (OES) with 

excitation by high-energy spark discharge on the Q4 TASMAN device. Precise contents of C and S were 

specified by combustion analysis in an oxygen stream in a high-frequency furnace LECO CS230. Next, 

the CE carbon equivalent and the saturation level were calculated from the values measured. 

 Metallographic analysis → it was focused on microscopic evaluation with the aim to specify the achieved 

structure of the EN-GJS-400-18-LT material. Metallographic analysis was realized on samples made from 

the type Y-Block testing bodies, using a light microscope and image analysis with focus on microstructure 

  

Figure 3 Cored wire 

Rumag 25HS used for 

modification 

Figure 4 Cored wire 

Inform SB13 used for 

inoculation 
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of cast iron with spheroidal graphite. The graphite was evaluated according to the following standards: 

ČSN EN ISO 945-1 → focused on graphite classification by visual analysis, ASTM A247 → evaluation of 

graphite nodularity and ČSN 420461 → evaluation of cast iron matrixes. This way, it was possible to 

obtain a complex idea concerning the EN-GJS-400-18-LT material structure. 

 Mechanical properties → they were focused on tension tests, hardness tests and bending impact tests 

(Charpy´s hammer). The relevant tests allowed specification of the tensile strength Rm, proof strength 

Rp0,2, ductility A5, Brinell hardness HB and impact strength KV2 at low temperature -20 °C. 

4. RESULTS AND DISCUSSION 

The experimental melts realization was followed by evaluation focused on specification of mechanical 

properties, metallographic evaluation and microstructure evaluation [14-17]. The results are summarized in 

the so-called metallographic cards. An example of such a card for the TD75 and TO93 melts is given in Table 4 
to Table 7 and on Figure 5 and Figure 6. The results present information on mechanical properties and 

resulting structure of the EN-GJS-400-18-LT material at casting of the SCHAFT 1 type casting with application 

of various modification and inoculation technologies. 

Table 4 Characteristic of the modification and inoculation course 

Technology 
Melt 

identification 

Modifier:  

name → amount (wt%)  

Preoculation: 

name → amount (wt%) 

Main inoculation: 

name → amount (wt%) 

Pouring method / sandwich TD75 FeSiMg731 → 1.8 % SB10 → 0.1 % Germalloy → 2x P2+P300 

Cored wire method TO93 Rumag 25HS → 0.51 % Inform SB13 → 0.15 % Germalloy → 2x P2+P300 

Table 5 Achieved chemical composition of experimental melts 

Melt 
identification 

Chemical composition (wt%) Parameters 

C Si Mn P S Cu Mg Cr CE SC 

TD75 3.32 1.74 0.11 0.049 0.008 0.01 0.053 0.02 3.86 0.90 

TO93 3.44 1.81 0.13 0.035 0.010 0.03 0.051 0.03 3.99 0.94 

Table 6 Achieved mechanical properties of experimental melts 

Parameters Values according to ČSN EN 1563 
Achieved values 

Melt TD75 Melt TO93 

Rm (MPa) Min. 360 MPa 413 MPa 408 MPa 

Rp0,2 (MPa) Min. 220 MPa 251 MPa 287 MPa 

A5 (%) Min. 12 % 21.4 % 18.4 % 

Brinell hardness (HB)  Min. 130 HB 131 HB 164 HB 

Min. value of KV2 (J) 

Low temperature (-20 ± 2) °C → melt TD75 

Mean value (3 tests) Individual value Mean value (3 tests) Individual value 

10 J 7 J 13 J 14 / 13 / 13 J 

Low temperature (-20 ± 2) °C → melt TO93 

Mean value (3 tests) Individual value Mean value (3 tests) Individual value 

10 J 7 J 17 J 17 / 18 / 17 J 

The achieved chemical compositions specified in Table 5 corresponds to the chemical composition required 

for the EN-GJS-400-18-LT material, as presented in Table 2, with the exception of several deviations in the 

order of a percent hundredths maximally in case of C, P and Cr. Nevertheless, such minor deviations have no 

negative impact on mechanical properties of the material, as presented below. 
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Table 6 shows clearly that in case of melt TD75, higher values of tensile strength Rm and of ductility A5 have 

been achieved. In case of melt TO93 have been achieved higher values of yield strength Rp0,2, hardness HB 

and impact strength at -20 °C KV2. Compared to the requirements according to ČSN EN 1563, it is evident 

that both melts comply with the requirements on mechanical properties for the EN-GJS-400-18-LT material, 

defined by the standard, at relevant wall thickness 60 < t ≤ 200 mm [14]. 

Table 7 Evaluation of experimental melts metallographic structure 

Melt 
identification 

ČSN EN ISO 945-1 ASTM AND  247 ČSN 420461 

TD75 

Graphite shape: 93 % VI + 7 % V Nodularity: 93 % Pearlite content P1: P0 (to 2 %) 

Graphite size: 6/7 Particles number/mm2: 298 ××× 

Size of graphite formations: 15-60 μm ××× ××× 

TO93 

Graphite shape: 94 % VI + 6 % V Nodularity: 95 % Pearlite content P1: P0 (to 2 %) 

Graphite size: 7/8 Particles number/mm2: 269 ××× 

Size of graphite formations: <15 to 30 μm ××× ××× 

  
a) Photograph according to ČSN EN 945-1 b) Photograph according to ČSN 42 0461 

Figure 5 Sample of photographs of cast iron with spheroidal graphite → melt TD75 

  
a) Photograph according to ČSN EN 945-1 b) Photograph according to ČSN 42 0461 

Figure 6 Sample of photographs of cast iron with spheroidal graphite → melt TO93 

The achieved chemical compositions specified in Table 5 corresponds to the chemical composition required 

for the EN-GJS-400-18-LT material, as presented in Table 2, with the exception of several deviations in the 

order of a percent hundredths maximally in case of C, P and Cr. Nevertheless, such minor deviations have no 

negative impact on mechanical properties of the material, as presented below. 

Table 6 shows clearly that in case of melt TD75, higher values of tensile strength Rm and of ductility A5 have 

been achieved. In case of melt TO93 have been achieved higher values of yield strength Rp0,2, hardness HB 
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and impact strength at -20 °C KV2. Compared to the requirements according to ČSN EN 1563, it is evident 

that both melts comply with the requirements on mechanical properties for the EN-GJS-400-18-LT material, 

defined by the standard, at relevant wall thickness 60 < t ≤ 200 mm [14]. 

Regarding the results in Table 7, it was ascertained that in case of melt TD75, a slightly higher amount of 

larger size graphite particles was obtained than in case of melt TO93. Graphite shape and nodularity were 

comparable in both melts. Pearlite content was minimal in both the melts, up to 2 %. Thus, the obtained 

microstructure in both the melts corresponds to cast iron with spheroidal graphite with a large number of small 

size graphite particles, predominantly of a regular granular shape VI and with a ferrite matrix. Figure 5 and 

Figure 6 present photographs of both melts structures before etching → specification of the particles number, 

size, shape and nodularity, and after etching → determination of the ferrite/pearlite ratio [15-17]. 

5. CONCLUSION 

Within the relevant paper two technologies of modification and inoculation in operating conditions were 

compared. Production of the SCHAFT 1 type casting from the EN-GJS-400-18-L material was evaluated in the 

KOVOSVIT MAS Foundry a. s. with the classic technology application → pouring methods / sandwich and the 

innovated technology → cored wire for modification and inoculation. The following results have been stipulated 

from the tests results: 

 Both technological procedures of modification and inoculation fulfilled the parameters specified by the 

standard ČSN EN 1563, focused on the tensile strength, yield strength, ductility and impact strength at 

- 20 °C for the EN-GJS-400-18-LT material for the SCHAFT 1 type casting. 

 Metallographic scanning and structure analysis ascertained that cast iron with spheroidal graphite 

containing a high number of graphite particles with high nodularity is obtained. The structure is 

predominantly ferrite, with less than 2 % of pearlite. 

 Based on the presented results, it is therefore possible to state that the foundry KOVOSVIT MAS 

Foundry, a.s. has introduced successfully the cored wire technology for cast iron modification and 

preoculation. It can be also stated that the castings are comparable qualitatively to castings produced by 

the original pouring method. 

 In the future, the production process can be improved by application of the cored wire modern 

technology with the twin cored system for modification and inoculation by the cored wire only, when one 

core will contain the modifier and the second the inoculation material. 
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Abstract 

The practice of using electroslag remelting for processing spent non-compact tools from high-speed grade 

steel is considered. The advantage of the remelting process according to the two-circuit scheme for that 

purpose is demonstrated. The electroslag remelting process according to that scheme with a T-type mold has 

been developed and investigated at experimental melts. Spent drills and cutters welded into solid electrodes 

were remelted with obtaining a high-quality ingot and preserving the chemical composition. The outer diameter 

of the electrodes was up to 200 mm with the forming part of the mold 180 mm. It was found that the use of a 

T-type current-supply mold allows remelting with reduced power on up to 25 % and obtaining a high-quality 

ingot without surface defects at the same time. The dependence of the remelting rate on the filling coefficient 

as well as the possibility of conducting remelting exclusively on the current-supply section of the mold without 

loss of productivity has been established. 

Keywords: Electroslag remelting, double-circuit scheme, recycling, tool, high-speed steel, ingot, remelting 

productivity, ingot quality 

1. INTRODUCTION 

Electroslag remelting is one of the effective methods of recycling alloy steel grades [1-3]. During remelting 

there are minimal losses of alloying elements, metal is refined, and the conditions of metal solidification allow 

to obtain physically and chemically homogeneous ingot with a dense crystalline structure and high surface 

quality. 

Electroslag remelting of high-speed steel grades has been long practiced and is successful [4]. However, 

remelting of spent tools according to the classical scheme is usually carried out only in cases where the parts 

are large enough to form a solid electrode and provide stable remelting conditions. Because the preparation 

of a consumable electrode with a constant geometry by connecting small parts requires significant effort, the 

recycling of such parts by the classical method of electroslag remelting in a direct scheme is appropriate only 

in the furnaces of electroslag chill casting. 

As is known melting of the consumable electrode with a constant rate of decrease during the electroslag 

remelting process is essentially an unstable process [5-6]. The values of the characteristics of the electric 

current, magnetic field, and Lorentz forces can vary greatly during remelting. The distribution of electric current 

density in the slag bath is controlled by the shape of the electrode, the parameters of the liquid metal droplets, 

and the shape of the slag/metal interface. The maximum density of electric current is always reached at the 

tip of the electrode, or on the drops coming off it. Accordingly, the stability of the geometric parameters of a 

consumable electrode significantly affects the fluctuations of electrical parameters during remelting. 

Since the individual parts of a non-compact tool are connected by welding, the resulting consumable electrode 

will be having a variable cross-sectional filling factor and electrical resistance. Electroslag remelting of such 

electrodes in a direct scheme to obtain a quality ingot is technologically difficult to perform due to the instability 

of the remelting process caused by these circumstances. 
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Remelting process according to the two-circuit scheme can be used to solve the problem of stability of the 

remelting process of the consumable electrode with variable geometric parameters. It is realized by the use of 

a mold of special design, which allows supplying additional electric power to the slag bath. Additional current 

supply to the slag bath from the conductive mold allows to significantly eliminate the effect of changes in the 

geometric parameters of an electrode over the course of the remelting process. 

The concept of a current-carrying mold was developed at E.O. Paton Electric Welding Institute [9, 12]. The 

upper part of a current-carrying mold is equipped with a graphite ring, which forms a non-consumable electrode 

and allows to have an additional power supply to the melting space. Moreover, studies [7] have shown that a 

much higher value of electric current is achieved at this scheme of power supply to a slag bath than with a 

direct remelting scheme at the same total power supply. 

ESR process on a two-circuit scheme - significantly expands its technological capabilities: 

 maintain the temperature of the slag bath without a consumable electrode - which allows you to 
replace the consumable electrode without the risk of cooling the slag; 

 additional heating of the peripheral zone of the ingot - which significantly improves the ingot surface 
and reduces or completely eliminates surface defects [10]; 

 changes the thermal pattern of the melting space - which significantly changes the profile of the 
liquid metal bath [11]; 

 changes the melting space hydrodynamics - creates the movement of slag in a circle, intensively 
mixing it. 

At double-circuit (DC) ESR the mass of metal droplets that come off the end of the electrode increases by ~ 

12 % at the same power. This is due to a significant change in the distribution of electromagnetic forces. The 

purity of the remelted ingot improves. The number and area of non-metallic inclusions in an ingot after DC 

ESR decreases, but their type does not change [8].  

The task of this study was to investigate the efficiency of remelting 

of a prefabricated hollow electrode with variable parameters by 

ESR process according to the double-circuit scheme, as well as 

determine the relationship between remelting speed and filling 

factor and find out the possibility to do remelting only with the active 

current-carrying section of the mold without loss of productivity. 

2. RESEARCH METHODOLOGY 

The remelting of electrodes assembled from used small tools made 

of high-speed steel was carried out on an upgraded electroslag 

remelting furnace P951. The furnace is equipped with a current-

carrying T-shaped mold with a diameter of the forming part of 180 

mm, and a diameter of the current-carrying part of 225 mm 

(Figure 1). 

Flux type ANF-29 was used for remelting during experiments 
(Table 1). 

Table 1 The chemical composition of the flux ANF-29, wt.% 

CaF2 Al2O3 CaO SiO2 MgO Flux melting point, ОС 

37-45 13-17 24-30 11-15 2-6 1,230-1,250 

Figure 1 General scheme of electric 

power supply and connection of 

measuring devices of the furnace 

P951 
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Consumable electrodes for remelting were prepared from the used small tools by welding individual parts into 

a single electrode (Figure 2). Tools with steel grade Р6М5 (Р6М5К5, Р6М5К5-МП, Р6М5Ф3-МП, 10Р6М5У-

МП) were used. 

Table 2 Chemical composition of steel P6M5 according to for ГОСТ 19265-73 

C Mn Si Cr W V Mo Co Ni Cu S P 

0.82…0.90 0.20…0.50 0.20…0.50 3.80…4.40 5.50…6.50 1.70…2.10 4.80…5.30 ≤0.50 ≤0.6 ≤0.25 ≤0.025 ≤0.030 

 

Figure 2 View of the prepared electrodes from the used small tool from steel P6M5 

Since the experimental electrodes did not have a constant cross-section to conduct the remelting process the 

supply to the electrode of power in accordance with the classical scheme did not make sense. Therefore, 

during the remelting of the experimental electrodes, the process was mainly carried out due to the power of 

the current-carrying section of the mold. This allowed to melt the electrode stably and with constant productivity 

and eliminate the electrical instability. During the remelting, the electrical resistance of the experimental 

electrodes was measured. 

Remelting was performed in two ways to compare the performance of the process and the quality of the ingot 

surface. In the first variant, the minimum electric power possible for the selected mold diameter was applied 

to the electrode to melt the metal. Accordingly, the estimated total power should be at least 200 kVA for a fill 

factor of 0.2-0.3, and the minimum value of power per electrode 50-60 kVA. The electrode/mold power 

distribution was 25/75 % for stable electrode melting with minimum performance. In the second variant, the 

melting power was supplied exclusively to the mold to test the possibility of conducting the remelting process 

solely due to the power of the current-carrying section of the mold. 

3. RESULTS AND THEIR DISCUSSION 

After consecutive remelting three experimental electrodes, with their replacement during remelting, an ingot 

with a diameter of 180 mm, a length of 1,225 mm, and a weight of 259 kg was obtained. 

It was found that the resistance of the electrodes due to their different configuration was significantly different: 

for the electrode №1 = 38-40 Ohms; electrode №2 = 29 Ohms; electrode №3 = 33 Ohms. 

Since melting was performed using a double-circuit scheme the potential difference between the electrodes 

and the current-carrying section of the mold was studied. The following was found: 

 Electrode №1 - filling factor 0.25 diameter up to 200 mm, potential difference 3-4 V 

 Electrode №2 - filling factor 0.37 diameter up to 180 mm, potential difference 10 V 

 Electrode №3 - filling factor 0.37 diameter up to 170 mm, potential difference 9 V 

Since the electrode №1 had the highest electrical resistance, which was 38 % higher than that of the electrode 

№2, and 21 % higher than that of the electrode №3 - this significantly affected the productivity of the process. 

Accordingly, the electrode №1 melted at a speed of 63 kg / h, the electrode №2 - 113 kg / h, and the electrode 
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№3 - 110 kg / h at the same constant supply power. In addition, the 

low remelting productivity for the electrode №1 is also due to the 

small filling confidant, which was 0.25. 

The test of the possibility of conducting remelting process 

exclusively with the help of the current-carrying section was carried 

out during the completion of remelting of the electrode №3. The 

power on the electrode was completely turned off and transferred to 

the current-carrying section. The power on the conductive section of 

the mold was 200kVA. Prior to switching off the power at the 

electrode, the power was distributed as 60/150 kVA. After turning off 

the power to the electrode, the melting rate of the electrode did not 

change, which indicates the possibility of melting in this mode. 

(Figure 3) 

 

 

Figure 3 General view of the remelting process of experimental 

electrodes made of used tool steel P6M5 

 

Figure 4 Time diagram of remelting productivity, power applied to the electrode and current-carrying section. 

Correspondence of an ingot surface to capacity 

Separately consider the surface of the obtained ingot (Table 3). It should be noted that the surface of the ingot 
formed during the remelting of each individual electrode has some visual differences. The surface of the ingot 
can be quite clearly divided into four zones, which correspond to the individual stages of the experiment 
(Figure 4). 
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Table 3 Analysis of the surface of the obtained ingot 

I - zone. The base of the ingot without corrugations and 

splashes, which in the direct connection scheme must be 
present at the bottom of the ingots. The absence of 

defects in the bottom significantly reduces the amount of 
trim and increases the yield. 

The dark color belt (arrow 1) in the first zone corresponds 
to the increase of power on the current-carrying section 

up to 150 kVA. 

 

II - zone. The transition after electrode changing (arrow 2) 
differs only in the color of the metal. There are no clamps 

and depressions in this area. But the whole area has 
minor defects on the surface, in the form of vertically 

directed bays up to 1.5 mm deep, in which the garnish 
remained. That defect is caused by unstable melting of 

the electrode due to its physical configuration 

III - zone. The surface is in slag belts and has a certain 
bumpy shape with a difference in height up to 1 mm. That 

defect is caused by the uneven movement of the carriage 
pulling the ingot and some unstable melting of the 

electrode due to its geometric configuration (see on the 
graph, V_down (Figure 4). 

 

IV - zone. Remelting with 100% power on the current-

carrying section of the mold. The surface of the ingot is 
perfect. No visible defects. 
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Having analyzed in detail the surface of the experimental ingot, we can define it as a surface of good quality. 

The unevenness of the surface of the ingot for peeling reaches no more than 1.5-2 mm.  

Samples for chemical analysis were taken from the lower and upper parts of the ingot. The results of the metal 

samples' chemical analysis show satisfactory chemical homogeneity of the obtained ingot. 

In terms of its chemical composition, the obtained metal meets the standards for P6M5 steel (Table 4). 

Table 4 Metal chemical composition after remelting 

 Mn Si Cr W V Mo Co Ni Cu S 

Bottom of the ingot 0.39 0.4 4.22 6.28 1.98 5.12 0.3 0.37 0.2 0.02 

Top of the ingot 0.37 0.42 4.13 6.14 1.91 5.04 0.26 0.33 0.19 0.018 

CONCLUSION 

1) Electroslag remelting according to the double-circuit scheme allows efficient recycling of spent oversized 

tools assembled into electrodes, preserving the metal chemical composition, and obtaining high-quality 

ingots. This approach significantly reduces the production chain of returning the metal to production and 

can be recommended for commercial use. 

2) The configuration of the assembled from parts consumable electrode directly affects the stability of the 

process and the quality of the ingot when supplying even the minimum power to the electrode and 

practically does not affect the quality of the ingot if all power is directed to the current supply section of 

the mold. 

3) Remelting of electrodes only due to the current-carrying section of the mold is possible without reducing 

the productivity of the process. At the same time defects on a surface of an ingot disappear. 
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Abstract 

This paper describes the numerical modelling of solidification of ductile iron castings intended for the 

shipbuilding industry. Numerical simulations we performed in the computer software MAGMASOFT®. The 

purpose of numerical simulations was to predict solidification under defined casting conditions to verify whether 

the proposed production technology is adequate. Attention was focused mainly on the porosity occurrence in 

the casting, which is determined at a stated location using an ultrasonic test. Variants with different types of 

chills were simulated to determine their effect on the size of porosity. The results of these variants are 

presented in this paper. The variant with the best results was then recommended for production under 

operating conditions. 

Keywords: Metallurgy, casting, ductile iron, numerical simulation, MAGMASOFT® 

1. INTRODUCTION 

In practice, castings can be porous, and they can contain inclusions or other imperfections that contribute to 

quality deterioration. Such imperfections are considered a real defect when they impact the product function 

or appearance [1]. The relevant defects have various impacts on the final casting quality. Defects that worsen 

the structure integrity, and thus worsen the final casting properties, are crucial. In general, such defects cannot 

be removed and, in consequence, the relevant product has to be liquidated with resulting related financial loss. 

Regarding forged pieces, workpieces and other metal products, the porosity occurrence can be prevented by 

using semi-finished products of corresponding quality, by mechanical machining, etc. [2]. However, in case of 

castings that are not subject to further machining porosity has to be dealt with by production technology 

modification, best before the casting process [3]. However, the porosity minimization task is complicated and 

it requires taking into account the material chemical composition, casting temperatures, inoculation method, 

risers, as well as the mould proper material and design [3-6]. 

In foundries, solution of the defects causes is considered one of the most important aspects. In an ideal case, 

the causes are removed prior to the production start. In this regard, software for numerical simulations is a 

substantial advantage. After successful validation of a model, numerical simulation can be an efficient tool for 

relatively fast verification of the designed corrections in the production technology. Nowadays, by using 

numerical simulations, it is possible to predict the complete process, from the technology plan [7-9] through 

castings casting [10,11], including solidification [12-14], stress states [13-17], defects prediction [13,14,18,19] 

and resulting metallographic structure of a casting [19-21].  
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The presented article is a part of a complex research and development, focused on introduction of cast iron 

products with spheroidal graphite according to CSN EN 1563 standard [22], which is realized in cooperation 

with the KOVOSVIT MAS Foundry a.s. Company. Castings from such cast iron are meant, in particular, for the 

shipbuilding industry, gearbox manufacturers, compressor manufacturers, power industry and automobile 

industry, where above-standard processing of materials is expected. Primarily, the research works deal with 

production technology modification through optimization of the existing and introduction of new technological 

procedures and their efficiency evaluation by chemical and metallographic analysis [23] and mechanical tests. 

Numerical simulations in the MAGMASOFT® [13,14] software are used for verification and modification drafts 

of the existing technology. 

The work describes the optimization course of a mould for production of a SCHAFT 1 casting for the purpose 

of achieving the required internal structure with regard to porosity occurrence. The mould modifications were 

verified in the design stage by numerical simulations in the computational software MAGMASOFT®. The 

primary simulation realized at the gating system design revealed the necessity of a chill presence in the mould. 

The follow-up simulations which are presented by this article deal also with testing of various sizes of the chills 

and with their function at minimization of porosity volume in a casting so that it would comply with the 

customer´s requirements (porosity dimension must be smaller than 25 % of the casting wall thickness). 

2.  DEFINITION OF NUMERICAL SIMULATIONS 

Figure 1 shows the SCHAFT 1 casting type geometry. The casting represents a component for ship 

manipulators manufacturers for medium-sized ships. The casting is manufactured from the EN-GJS-400-18-

LT material; that means cast iron with spheroidal graphite and ferrite matrix with guaranteed value of impact 

energy at -20 °C [22, 24]. Chemical composition of the EN-GJS-400-18-LT material is specified in Table 1. 

That is to say, in case of the relevant casting type above-standard material quality is required, as well as 

achievement of the required chemical composition, structure and mechanical properties. 

Geometry of the SCHAFT 1 casting type, together with the gating system and other components of the casting 

system, is shown on Figure 1. Next, Figure 2 depicts the layout of two types of the analyzed chills; their 

dimensions, together with the variants identification, are specified in Table 2. 

 
  

Figure 1 Computational  geometry Figure 2 Chill location (left: chill A, right: chill B) 

Table 1 Chemical composition of material EN-GJS-400-18-LT 

Range C Si Mn P S Cu Mg Cr 

Min. 3.50 1.90 0.10 ××× ××× ××× 0.040 ××× 

Max. 3.60 2.00 0.15 0.040 0.010 0.05 0.060 0.02 
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Table 2 Designation of simulated variants and dimensions (mm) of chills 

Variant Chill type Height  Width Length 

V0 Without chill - - - 

V1 A 80 204 150 

V2 B 50 204 150 

A computational mesh with the element size of 4 - 6 mm for all elements of a casting system (with the exception 

of a mould) was generated for the casting system geometry. The resulting mesh for a SCHAFT 1 type casting 

consisted, in total, of 513,357 elements. Input parameters for numerical simulations of a casting were defined 

on the basis of operating data, supplied by the KOVOSVIT MAS Foundry a.s. Company.  The parameters 

include chemical composition of the material, casting temperature, inoculation method, materials for the mould 

manufacturing, time of the casting filling, etc.  In operating conditions, cast iron with spheroidal graphite used 

for manufacturing of the relevant casting type is inoculated in two stages: preinoculation in a ladle and 

inoculation by blocks in a pouring basin. A one-stage inoculation in a basin was used for the calculation. 

Filling and solidification calculation was realized in the simulation. The calculation of a single variant lasted ca 48 

hours. Considering the character of this article specialization, only the solidification results will be presented below.  

3.  RESULTS DISCUSSION 

Figure 3 shows a casting solidification in various stages of the V0 Variant.  It is evident that owing to its shape, 

the casting solidification does not proceed directionally. At the beginning solidifies its front part with a flange 

with thinner walls. The first hotspot forms in the flange; however, it was not problematic. In the following stages 

solidification moves to the second part of the casting, where more hotspots develop. In general, they do not 

present any complication from the resulting quality viewpoint. However, a problematic hotspot occurrence was 

identified in the final stage of solidification in case of Variant V0, which represents a primary variant without a 

chill. On Figure 3 it is shown in red. Porosity was detected at the relevant area. It is shown on Figure 4. The 

relevant porosity reached the value of 92 % of the unfilled volume and its dimensions exceeded the values 

specified by the customer (dimension up to 25 % of the wall thickness). 

 

Figure 3 Solidification course in various stages - Variant V0 

 
 

Figure 4 Porosity occurrence in a casting - Variant V0 
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In order to suppress a hotspot occurrence which appeared in case of Variant V0 and which caused 

development of a large porosity area, a V1 Variant was defined. A chill was implemented in the problematic 

part of the casting; its purpose was to eliminate the hotspot and, at best, to prevent porosity occurrence. In 

case of Variant V1, the casting solidification is shown on Figure 5. At the beginning, solidification is rather 

similar to that in the V0 Variant. In the following stages, the relevant area on the casting is cooled. However, 

the porosity analysis has shown that the designed modification was not successful. The chill did not eliminate 

the porosity; it has only shifted to another area, while it has shown basically the same percentage of unfilled 

volume as in case of Variant V0. Moreover, the porosity areas in other parts of the casting have increased. 

The relevant porosities have also shown substantial dimension and a not negligible percentage of unfilled 

volume, as shown on Figure 6. 

  

Figure 5 Solidification course in various stages - Variant V1 

  

Figure 6 Porosity occurrence in a casting - Variant V1 

Variant V2 was designed on the basis of the V1 Variant; it included a smaller dimension chill (compared to the 

V1 Variant chill, it was smaller by 25 %), located in the same area, as shown on Figure 7. At the beginning, 

solidification had again a similar course as in case of Variant V0.  At the final stages of solidification we can 

see partial cooling of the original hotspot where a large porosity developed.  

 
 

Figure 7 Solidification course in various stages - Variant V2 

The porosity analysis has shown that this modification is successful. As shown on Figure 8, all the porosities 

which occurred in Variant V1 were reduced. Their dimensions were already in compliance with the customer´s 
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requirements. It is probable that the real casting porosities will have a smaller dimension, since their dimensions 

in the MAGMASOFT® software were measured from an area with 10 % of the material unfilled volume. 

  

Figure 8 Porosity occurrence in a casting - Variant V2 

A mould for casting of a SCHAFT 1 casting was constructed on the basis of the V2 Variant and operation melts 

were realized. Afterwards, the manufactured casting was tested non-destructively with regard to internal 

defects occurrence, using the ultrasound test according to the CSN EN 12680-3 standard [25]. To sum up, 

regarding internal quality, the product complied with the customer´s requirements. 

4.  CONCLUSIONS 

Numerical simulations of the SCHAFT 1 casting solidification were carried out within the scope of the work, 

with the aim to optimize the production technology in order to be able to satisfy the customer´s qualitative 

parameters. 3 variants of numerical simulations were defined; each of them used a different chill type. The 

required calculations of casting solidifications were performed on their basis. The results analysis was focused 

on the casting solidification course, with regard to porosity occurrence. The established conclusions can be 

summarized in the following points: 

 In case of the primary Variant V0, which did not include a chill, a large porosity area developed in the 

problematic part of the casting. The porosity exceeded the dimension requirements specified by the 

customer and, moreover, its value reached 92 % of unfilled volume. 

 A chill was used in case of Variant V1 to prevent porosity development, which appeared in Variant V0. 

The chill purpose was to break the hotspot in the relevant area and thus prevent major porosity 

occurrence. However, this effect was not achieved. The resulting V1 Variant porosity was only shifted to 

another part of the casting, while it still amounted to 92 % of unfilled volume. Moreover, other large porosity 

areas were predicted. 

 A chill was also used in case of Variant V2, however, compared to the V1 Variant, it was reduced by 25 %. 

This modification was successful, since the resulting porosities reached a smaller percentage of unfilled 

volume and their dimensions were in compliance with the customer´s dimensional inspection. 

A mould was constructed on basis of the V2 Variant and an operating melt was carried out, within which 

a SCHAFT 1 casting was manufactured. The subsequent ultrasound test did not discover any substantial 

defects; therefore we can say the casting complied with the customer´s requirements with regard to the casting 

internal quality.   
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Abstract 

Metallurgical slag is a waste product of metallurgical processes and an important raw material, for example, in 

the construction industry or road building. The use of slag depends, among other things, on its chemical 

composition. Sulphur is an undesirable element in most metallurgical products. This paper deals with 

determining sulphur content in different types of metallurgical slags by two different methods - X-ray 

fluorescence spectrometry and combustion elemental analysis. Using standards, it statistically compares the 

results of the two methods, evaluates the repeatability of the measurements, and assesses the amount of 

sulphur in different types of slags. 

Keywords: Metallurgical slags, XRFS, elemental analysis, determination of sulphur content 

1. INTRODUCTION 

Sulphur is an undesirable element in most metallurgical products [1]. It enters steel from steelmaking raw 

materials. At high temperatures, it causes a phenomenon called hot cracking in steel, which occurs due to the 

formation of crystallisation cracks [2]. Sulphur also impairs weldability and reduces corrosion resistance [3]. 

Therefore, sulphur is removed from the steel by a refining process and is transferred to the slag. The high 

temperature positively affects desulphurisation and the high basicity, large quantity, and low oxidisability of the 

refining slag [4]. 

Sulphur is also an undesirable ingredient in pig iron production. Slag is used for the removal of sulphur 

impurities or desulphurisation. Slag is used for desulphurisation of pig iron and has the physical properties and 

chemical composition to remove the sulphur impurities from the pig iron as completely as possible. By 

controlling the volume and chemical composition of the blast furnace slag, the sulphur content of the molten 

metal can be controlled [5]. 

Metallurgical slags are divided into blast furnace slags and steel slags [6]. In more detail, they are designated 

according to the type of furnaces where they are produced. The slag from metallurgical processes has a varied 

composition. It consists mainly of alkaline earth metal oxides and minor components, phosphorus compounds, 

metal particles and sulphur [7]. In all types of metallurgical slags, the sulphur content ranges from 0.05 % to 

1.5 % [8]. 

The chemical composition of the slag produced from the blast furnace depends on the origin of the ore, the 

coke consumption, the composition of the limestone flux and the type of iron produced. Smelter ore deposits 

and technology can vary over the years; these variations, therefore, change the representation of the four main 

oxides: CaO, SiO2, Al2O3 and MgO. Other oxides that slag may contain are TiO2, Na2O and K2O. Minor 

constituents include sulphides, FeO and MnO [9]. 

The chemical composition of steel slag is more variable than that of blast furnace slag. In most steel slags, the 

four most abundant oxides are CaO, MgO, FeO, and SiO2. The ratio of these oxides and secondary oxides is 

highly dependent on the furnace conditions, the raw material, and the type of steel produced. Slag from a 

converter furnace generally has a lower silicon content and a higher manganese and iron content. Ladle slag 
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differs from other steelmaking slags in that it has the most significant variance in the abundance of individual 

constituents [8]. 

Air-cooled blast furnace slag is used as a road base material. This slag has no risk of alkaline reactions, does 

not contain clay or organic impurities; therefore, it is used as a concrete admixture in the same way as natural 

admixtures. It is also used as a raw material for producing stone wool or as a calcium silicate-based fertiliser 

[10]. 

Granulated blast furnace slag has excellent hydraulic properties, so it is used in products such as Portland 

blast furnace slag cement, which has the same properties as ordinary Portland cement. Around 70 % of the 

total production of blast furnace slag is used only as a substitute for Portland cement. The advantages of this 

blast furnace slag cement are its low heating rate when reacted with water, high chemical resistance, and 

increasing strength with time. Therefore, this slag is used in many areas, including the construction industry. 

Like air-cooled slag, it is used as a calcium silicate-based fertiliser but also for improving soil quality [10,11]. 

Steel slag is used as a material for road base layers due to its good hydraulic properties and high load-bearing 

capacity. These slags also have excellent wear resistance and are used as aggregate for asphalt concrete. 

They can also be used in agriculture for soil cultivation or as fertilisers. Furthermore, they are applied as an 

admixture in cement clinker or as a material for construction and site improvement [10,12]. 

Sulphur is an undesirable admixture in slag. It comes mainly from pyrite, used as a raw material in blast 

furnaces and as fuel. In molten slag, sulphur is contained in the form of the anion S2- and during quenching, 

most of it is removed as H2S with water vapour [13]. The content of S2- anion in blast furnace slag ranges from 

0.5 % to 3.8 %. According to the European standard EN 15167-1 [14], the sulphate and sulphide slag content 

should be ≤2.0 % and <2.5 %, respectively. Exceeding this amount results in delayed formation of ettringite, 

which has a negative impact on the mechanical properties of the slag. If the slag contains large amounts of 

sulphur, it cannot be reused in production or recycling [13,15]. 

The aim of the research published in this paper is a statistical comparison of methods suitable for the 

determination of sulphur content in different types of metallurgical slags, namely X-ray fluorescence 

spectrometry and elemental combustion analysis, and verification of their accuracy and precision. 

2. EXPERIMENTAL MATERIAL 

To validate the methodology for the determination of sulphur and, in the case of elemental analysis, carbon 

contents, 12 commercially available slag standards were selected (see Figure 1 for an example), and 

45 samples of 5 slag types were selected for comparison of the two sulphur determination methods (see 

Table 1). The slags were ground to a grain size of <0.1 mm (see Figure 1 for an example). 

 

Figure 1 Certified standard sample (left) and  

ladle slag sample (right) 

Table 1 Distribution of slag samples 

Sample 
number 

Type of slag 

1-12 granulated blast furnace slag (GBFS) 

13-25 ungranulated blast furnace slag (UgBFS) 

26-29 furnace slag - tandem (FST) 

30-33 furnace slag - converter (FSC) 

34-45 ladle slag (LS) 
 

 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

158 

3. EXPERIMENTAL METHODS 

This paper compares two methods for determining sulphur in metallurgical slags, namely X-ray fluorescence 

spectrometry and elemental combustion analysis. 

The determination of sulphur content in the induction furnace of an elemental combustion analyser (EA) is one 

of the most sensitive and accurate methods. The ELTRA CS 2000 analyser was used for this purpose. It can 

be used to determine the total sulphur (and simultaneously, also carbon) content of steels [16], cast irons, non-

ferrous alloys [17], ceramic materials [18], bentonite binders [19] and slags, as well as organic and 

nanomaterials. Ceramic crucibles were used for the analysis, which had to be pre-annealed in a furnace at 

1000 °C. Approximately 0.25 g of slag was weighed into the crucible, and 0.8 g of powdered iron and 1.6 g of 

tungsten as a flame accelerator were added. For the calibration of the analyser, the Automatstal NR 6A 

standard with a sulphur content of 0.150 % was used. 

X-ray fluorescence spectrometry (XRFS) is a non-destructive instrumental method used for qualitative and 

quantitative elemental analysis based on the measurement of the wavelength of X-rays and the evaluation of 

spectral line intensities [20]. XRFS was performed on a Rigaku Supermini 200 analyser. The sample had to 

be converted into tablet form prior to analysis by creating a mixture of 4 g of finely ground slag sample (grain 

size <0.1 mm) and 1 g of binder (Hoechst wax C). This mixture was subsequently homogenised in a shaking 

pan, placed in a mould and then placed in a press where the tablet was pressed. The prepared tablet was then 

placed in the automatic feeder of the spectrometer and measured. The EasySken method was used for the 

measurement, which was set up and calibrated by the manufacturer of the analyser. 

4. RESULTS AND DISCUSSION 

In order to validate the sulphur determination methodology, 12 purchased certified slag standards were used. 

The following figures show a graphical comparison and pairwise comparison of the amount of sulphur detected 

in the standards by the two methods with the certified amount. QC-Expert software (module “Comparison of 

two selections - Paired test”) and MS Excel were used for the evaluation. 

 

Figure 2 Comparison of the determined amount of sulphur with the certified 

A bar chart showing the differences between the measured values of the two methods and the certified sulphur 

content of the standards is shown in Figure 2. The following graph, Figure 3, shows the deviations identified 

by the linear regression method, which again compares the measured values with the certified values. Based 

on the equation of the regression line and the correlation coefficient, it can be concluded that the EA method 

gives more correct results. 
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Figure 3 Linear regression - determination of S in standards by both methods 

The most frequently used method for determining the agreement of measured data with certified data is the 

paired test, which is performed in this work using QC-Expert software. From the graphical representation of 

the density of the normal distribution of differences for the EA method (Figure 4), it can be seen that the vertical 

line corresponding to zero difference lies within the confidence interval of the mean difference. This implies 

that the differences are insignificant. A graphical representation of the density of the normal distribution of 

differences for the XRFS method can be seen in Figure 5. The vertical line does not lie within the confidence 

interval of the mean of the difference. Hence the differences are significant. From these graphs (and the 

conclusions of the paired test according to QC-Expert software), it can be concluded that the elemental 

combustion analysis is suitable for the determination of the sulphur content of slags. The XRFS method can 

also be used, but with the caveat that the results are burdened with a systematic error, the value of which 

increases with increasing sulphur content of the sample. 

Figure 4 Comparison: EA - certified quantity Figure 5 Comparison: XRFS - certified quantity 

Since elemental combustion analysis was selected as the more appropriate method for the determination of 

sulphur content in slag, its repeatability was evaluated. To verify the repeatability of the EA method, sample 

No. 37 (ladle slag) (see Figure 1) was selected and measured 20 times over the course of one day. The QC-

Expert software (module “Basic Statistics”) was used for the evaluation. From the generated plots, a scatter 

plot with quantiles was selected as one of the most versatile and most frequently used exploratory plots, which 

is used to assess the skewness of the distribution and the occurrence of outliers. In Figure 6, the individual 

rectangles expressing each quantile of values are symmetrically inside each other. From this plot and other 

tests, it can be concluded that the data exhibit a Gaussian, symmetric distribution with no outliers. 
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Figure 6 Scatter plot with quantiles - results of determination of sulphur content in sample No 37 by EA  

The following figures show a graphical comparison of the average sulphur content found in granulated blast 

furnace slag, ungranulated blast furnace slag, tandem furnace slag, converter furnace slag, and ladle slag 

(Figure 7) as determined by the two methods. This graph shows that blast furnace slags (granulated and 

ungranulated) have significantly higher sulphur contents than steel slags. 

 

Figure 7 Comparison of average sulphur contents determined by XRFS and EA 

5. CONCLUSION 

The main objective of the work was to verify two methods used to determine sulphur content in metallurgical 

slags. Statistical methods were used to show that the elemental combustion analysis method is more suitable 

for this determination because it gives more correct results than X-ray fluorescence spectrometry. Repeated 

measurements (20 times) of a real sample of metallurgical slag also demonstrated the repeatability of the EA 

measurement. In agreement with the literature, it was shown that the sulphur content is higher in blast furnace 

slags than in steelmaking slags and that steelmaking slags have higher compositional variability. 
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Abstract  

Steels dusts from electrostatic processes, which are currently a problem in the ecological sense, is a rich but 
problematic carrier of many elements such as Fe, Zn, Mn, Cr. The existing recycling technologies, 
unfortunately, do not allow for their full recovery. The authors of the work decided to investigate the possibility 
of reducing the amount of waste to be deposited to the necessary minimum in the process of steel dust 
recycling. 

The paper presents the possibilities of using a metallic alloy, which was one of the products obtained as a 
result of the processing of steel dust in a resistance-arc furnace. The main objective of the dust processing 
research was the management and selective recovery. The products of the process were zinc oxide, slag and 
iron alloy. Iron recovery from dust was determined at the level of 98 %. The resulting iron alloy contained 
alloying elements such as manganese, chromium, and silicon in amounts enabling it to be used in the steel 
production process. The material can be used for the production of, for example, cast steel resistant to erosive 
and tribological wear. 

Keywords: Metallurgy, recycling, steel, cast steel 

1. INTRODUCTION 

Significant amounts of dust are generated during the production of steel in electric arc furnaces (EAF). On the 
one hand, due to its chemical composition, dust is considered a hazardous waste. On the other hand, they 
contain ingredients that can be recovered. Dust accounts for 1 to 2 % of the mass of the charge to be melted 
[1,2]. The average annual steel production [2,3] is 1600 million Mg, of which 33 % is produced in the electric 
arc furnace (EAF), thus, the annual production is from 5 to 10 million Mg of EAF dust. Electric Arc Furnace 
Dust (EAFD) is a multi-component and multi-phase mixture of elements with different chemical composition 
and grain size. A typical chemical composition of dusts in terms of metal content can be presented as a mixture 
of: iron compounds (approx. 40-50 %) and zinc (15-25 %) with mineralogical compounds and a low lead 
content (approx. 5%), other components of EAF dust it, zinc chloride, heavy metal salts and alkali metal 
chlorides [1,4-7]. The most popular technology for zinc recycling and iron dust from electric arc furnaces is the 
Waelz process. Dust from electric arc furnaces is placed in a rotary furnace loaded with coke [8-10]. Coke and 
CO (from partial oxidation of carbon) reduce zinc oxide to metallic zinc [8,11-15]. The resulting slag is crushed 
with crushing and then used in road construction as a construction material. The Envirodust Process is also 
known, in which the feed material is granular slag, coke coal, charcoal and other carbon bearing materials that 
can be used as reducing agents. The main stage of the process takes place in a plasma furnace. The zinc and 
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lead oxides contained in the liquid bath are reduced to their metal vapors at a temperature of 1400 to 1500 °C 
and thus pass into the gas phase. Slag and iron alloys are tapped from the furnace. Volatile zinc and lead are 
led from the furnace to a lead condenser where they condense. The product is raw zinc. 

Currently, there is no technology for the comprehensive processing of steel dust and the full management of 
the resulting products. The authors of this study developed an ecological and sustainable comprehensive 
technology for the processing of zinc-bearing dust [16]. Zinc bearing metallurgical dust is completely processed 
into products suifig for economic use. The developed technological process is carried out without waste, and 
the products are zinc oxide, iron alloys and slag aggregate. The combination of the zinc recovery process with 
the iron-based alloy smelting process in one unit allows for energy-efficient performance of the process after 
heating the charge to a temperature above 1400 °C, and enables precise control of the iron alloy smelting 
process by regulating the composition of the waste charged to the resistance arc furnace, such as and 
controlling the amount of alloying additives added in the melting step in the ladle furnace. The energy 
optimization of the process also allows for the treatment of waste with a low zinc content and makes the 
process economically viable. 

The paper presents some of the results of the research aimed at determining the possibility of using the iron 
alloy formed after the processing of steel dust for the production of various types of steel. 

2. RESEARCH METHODOLOGY 

The research on the processing of steel dust was carried out in two stages. The first stage consisted of 
preliminary laboratory tests, which allowed to determine the possibility of waste-free processing of the dust. 
However, the second stage of the research was carried out on a quarter-technical scale before the technology 
was implemented. 

In the first stage, the research material consisted of dust from the steelmaking process from two different mills. 
They were characterized by an increased zinc content. Table 1 shows the average chemical composition of 
the dusts. 

Table 1 Average composition of steel dust processed in laboratory conditions, (wt. %) 

Sample C S ZnO CaO SiO2 MnO MgO PbO Al2O3 Fe 

P1 2.71 0.54 47.00 6.00 3.00 2.50 1.00 3.00 1.00 23.00 

P2 0.95 0.14 35.00 6.00 4.00 3.00 2.00 2.00 1.00 32.00 

The process of removing zinc from dust and remelting them was carried out in a laboratory induction furnace 
by LEYBOLD. It is a 40 kW furnace, which enables the smelting of samples weighing up to 8 kg. The process 
took place in an oxidizing atmosphere. The stripped zinc (oxidized to ZnO) was directed along with the process 
gases to the extraction system, in which samplers in the form of steel plates with dimensions of 20x20 mm 
were placed, on which the research material was weaned. After the remelting process, there was also a 
residual material in the form of metal and slag, which was subjected to qualitative and quantitative analysis. 
Dusts with a reducing agent in the form of coke breeze with a fraction below 0.05 mm were tested. On the 
basis of previous tests, it was established that the tests will cover the dust with the addition of 5, 10, 15 and 
20 wt.%. reducer. Part of the tests were performed on the basis of samples weighing 50 g in a graphite crucible. 
The basic tests were carried out on samples with a mass of about 900 g, it was found that this is the optimal 
mass due to the course of the process and laboratory capabilities. 

The test samples were placed in a laboratory furnace with an oxidizing atmosphere. In the first phase of the 
process, heating of the charge took place and after reaching the temperature above 900 °C, intensive 
evaporation of the components was observed. The process was carried out until the process "fumes" 
disappeared. On the basis of the observations, it was found that the time of stripping the components from the 
tested material, for the 900 g (net) sample, is within the time interval of 45 - 50 minutes.  
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Quarter-technical studies were carried out in an electric resistance arc furnace. Table 2 shows the average 
chemical composition of the dusts. Dusts with 15, 17.5, 20 and 25 wt.% Additions were tested. reducer in the 
form of coal dust. Before the reduction process, the research material was granulated. The reduction of the 
zinc and most of the iron in the solid state was carried out at a temperature of 1250-1300 °C. The total mass 
of the processed granulate was 200 kg, while the reduction process lasted 4 hours. After melting the slag, the 
final iron reduction was carried out for about 2 hours by increasing the temperature of the slag to the 
temperature of 1450-1550 ° C. As a result of the process, zinc oxide was obtained in the form of dust, iron 
alloy and slag. 

Table 2 Average composition of steel dust processed on a quarter-technical scale, (wt%) 

Sample C S ZnO CaO SiO2 MnO MgO PbO Al2O3 Fe 

P3 2.05 0.45 43.00 4.30 3.90 3.40 2.40 2.20 1.00 38.00 

3. RESULTS 

As a result of the conducted laboratory experiments, materials were obtained, which were subjected to further 

research. They were zinc oxide dust, a metallic residue, the so-called residual metal, slag and sinter - residue 

from the dust processing process, from which it was not possible to isolate the metallic fraction. The view of 

sample samples of the obtained products is shown in Figure 1. The sinter, from which the metallic phase was 

not separated, was formed during the processing of dusts with the addition of a reducing agent, which was 5 

and 10 % by weight, respectively. However, after processing the dust samples with a reducer of 15 and 20 % 

by weight, a slag was obtained and the metallic phase. 

   
a) b) c) 

Figure 1 View of the products a) metallic part, b) slag, c) "sinter" 

The obtained metallic alloy was analyzed by emission spectrometry in order to determine its chemical 

composition. Table 3 shows the chemical composition of specific samples of the iron alloy. 

Table 3 Average composition of the metallic part obtained from the processing of dusts on a quarter 

technical scale, (wt%) 

Sample C Si Mn P S Cr Mo Ni Al Cu 

L1 3.32 1.21 0.74 0.44 0.24 0.84 0.03 0.04 0.004 0.40 

L2 2.55 1.01 0.21 0.39 0.24 0.92 0.01 0.12 0.003 0.46 

L3 4.30 1.90 2.50 0.12 0.06 0.80 0.01 0.50 0.050 0.38 

L4 4.28 1.67 0.65 0.06 0.11 0.21 0.02 0.07 0.002 0.46 

L5 3.50 0.46 2.63 0.27 0.02 0.52 0.04 0.06 0.005 0.46 
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As a result of the research carried out on a quarter technical scale, an iron alloy was also obtained, which was 

cast into flat ingot molds lined with refractory concrete. The average weight of the obtained metal was 53 kg. 

The view of the obtained iron alloy is shown in Figure 2. 

 

Figure 2 View of the iron alloy cast into ingot molds 

Samples were cut from the solidified ingot and analyzed by emission spectrometry. Table 4 presents the 

average chemical compositions of the iron alloy obtained on a quarter technical scale. 

Table 4 Average composition of the metallic part obtained from the processing of dusts in laboratory 

conditions, (wt%) 

Sample C Si Mn P S Cr Mo Ni Al Cu 

T 1 5.39 1.61 5.13 0.05 0.24 3.21 0.08 0.03 0.003 0.27 

T 2 5.40 0.50 5.21 0.04 0.00 1.21 0.05 0.01 0.073 0.14 

T 3 5.40 0.45 6.03 0.04 0.04 1.03 0.07 0.04 0.048 0.35 

T 4 4.83 0.44 6.36 0.05 0.01 1.00 0.07 0.05 0.001 0.38 

T 5 5.35 0.06 5.60 0.05 0.10 1.17 0.06 0.05 0.000 0.37 

T 6 5.40 0.02 5.27 0.06 0.06 1.56 0.06 0.05 0.002 0.26 

T 7 4.56 0.04 5.35 0.06 0.03 0.98 0.06 0.05 0.002 0.35 

T 8 4.44 0.08 6.18 0.06 0.01 0.87 0.07 0.05 0.000 0.35 

T 9 5.32 0.65 7.97 0.07 0.02 0.98 0.09 0.05 0.000 0.35 

T 10 5.40 0.09 6.33 0.05 0.01 0.94 0.07 0.05 0.000 0.35 

4. DISCUSSION  

Chemical compositions of individual metallic phases obtained after reduction of steel dust were analyzed. As 

a result of the laboratory tests carried out, it was found that the minimum share of the reductant should be 

15 % by weight. In the case of lower contents, no metallic alloy was obtained. This was due to a reducer 

shortage. In tests carried out on a quarter technical scale, the minimum share of the reducer was 17.5 % by 

mass.  

The analysis of the chemical composition of the samples obtained in the first stage shows that the average 

carbon content is within the range of 2.55 - 4.30 % by mass. The carbon contained in the metal is not a problem 

- iron alloys with such a carbon content can successfully find a recipient. In the case of silicon in the residual 

alloy, maximum contents of 1.9 wt% were observed. In the case of alloying elements such as manganese, 
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chromium, nickel, the maximum contents were respectively 2.6, 0.92, 0.5 wt.%. The maximum content of 

undesirable components, such as phosphorus and sulfur, are respectively: 0.442 and 0.240% by mass. On 

the other hand, the maximum recorded copper content is 0.464% by mass.  

On the other hand, the analysis of the chemical composition of the samples obtained in the second stage 

showed that the average carbon content was in the range 1.73 - 5.4 % by mass. In the case of silicon in the 

residual alloy, the maximum contents of 1.64 wt.% Were observed. In the case of alloying elements such as 

manganese, chromium, nickel, the maximum contents were 7.97, 3.21, 0.49 % by mass, respectively. The 

maximum content of undesirable components, such as phosphorus and sulfur, are respectively: 0.07 and 

0.240 % by mass.  

Significant amounts of alloying elements were found in iron alloys obtained in quarter-technical conditions. In 

the case of harmful and undesirable elements, higher amounts apply to samples obtained in laboratory tests. 

It should be noted that the content of specific elements in the iron alloy will depend on the chemical composition 

of the dust, the reduction conditions and the process. Therefore, during production, the chemical composition 

of the resulting metallic alloy should be controlled on an ongoing basis, which will allow for its possible 

modification and classification. This will allow the requirements of end users to be met. 

5. CONCLUSION 

The analysis of iron alloy obtained as a result of the processing of steel dust was carried out. The analysis was 

carried out with a view to examining the possibility of its use for the production of certain types of steel. The 

tests were carried out in laboratory conditions and on a quarter-technical scale. In the case of iron alloys 

obtained in quarters technical conditions, favorable contents of both alloying elements as well as harmful and 

undesirable elements were found. In the production technologies of alloy steels, the specification of the charge 

(scrap) is often used in terms of specific ranges of the content of individual elements, so the obtained iron alloy 

can be treated as the charge material. This may particularly apply to the production of certain grades of alloy 

steels. The use of the obtained alloy may translate into lower production costs. The authors developed a 

technology of waste-free processing of steel dust, which results in ZnO oxide, environmentally neutral slag 

and iron alloy (C, Mn, Si, Cr). The obtained alloy in an integrated system is directed to the ladle furnace, where 

the chemical composition is controlled and its possible modification to commercial alloys. The obtained product 

is cast in a form depending on the recipients' requirements, e.g. in the form of ingots. 
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Abstract 

The article presents the technology of manufacturing of precursors (special kind of filling mould material) for 

possibility to create a complex internal structure of the metallic foam casting. Due to the purpose for which the 

precursors are used, they must meet specific criteria. The material of the precursors must be sufficiently 

refractory to come into contact with the liquid metal, and the individual particles must also resist the movement 

of the melt within the mould. At the same time, however, in the context of this metal foam technology, it is 

essential that the precursors exhibit excellent collapsibility after casting - i.e. that they are easily removable 

from the resulting complex casting. Therefore, one of the conventionally used core mixtures appears to be the 

ideal material for the production of precursors. In this paper, the technology for the production of spherical 

precursors from a furan self-hardening mixture is described and verified. The motivation for the choice of 

material and all the sub-steps of the process - moulding into the core, tumbling, including the necessary 

accompanying tests of the mechanical properties of the core mixture being verified - are described.  

Keywords: Casting, moulding mixture, metallic foam, porous metal, precursor 

1. INTRODUCTION 

The trend in the development of modern structural materials is to find a suitable combination of low specific 

weight and sufficient strength. These properties are achieved by several materials, including some foundry 

alloys. However, to achieve thin-walled components that also meet the low weight requirement, the limiting 

factor in the foundry industry is the use of existing technological processes. Another possible way to reduce 

the weight of manufactured components without negatively impacting their mechanical properties is to use 

metallic materials with artificially created pores in the structure - metallic foams [1]. 

Metallic foams are generally a very attractive material that offers a wide range of unique properties [1]. Among 

the most important ones we can include the ability to absorb impact energy (transport applications) [2,3], low 

density (lightweight structures) [4,5] and damping ability (acoustic barriers) [6]. The final material properties of 

the metallic foam are determined by the pores inside the foam. We can distinguish materials of different 

porosity [7], with regular or irregular arrangement of internal cavities [7,8], with closed or open interconnected 

pores [9]. Metallic foams are mainly used by combining their properties in so-called bifunctional or better still 

multifunctional applications [10] (see Figure 1). 

The aim of the paper is to verify the possibility of producing this unique material by conventional foundry 

processes using moulding and core mixtures. The experiment of the paper aims to evaluate the possibility of 

using a furan no-bake mixture to produce so-called precursors (space holder material) for the production 

of metallic foams. The use of standard foundry technologies and materials [11] could contribute to the 

introduction of a more economically accessible process for the production of metallic foams. 
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Figure 1 Bifunctional and multifunctional use of metallic foams [7] 

2. METALLIC FOAMS PRODUCTION 

Metallic foams can be prepared by various processes [12], but in most cases these involve complex operations 

and energy and economic costs, which significantly affect their price and thus the possibility of wider use. 

According to the state, in which the metal is processed, the manufacturing processes can be divided into four 

groups. Metallic foams can be made from: 

 liquid metal (eg. direct foaming with gas, blowing agents, powder compact melting, casting, spray 

forming) [13], 

 powdered metal (eg. sintering of powders, fibres or hollow spheres, extrusion of polymer/metal mixtures, 

reaction sintering) [14,15], 

 metal vapours (vapour deposition) [16], 

 metal ions (electrochemical deposition) [1]. 

Current research in the development of metallic foam manufacturing processes is therefore generally focused 

on finding low-cost technologies for their production. One possible route is the introduction of conventional 

foundry processes into metallic foam production technology. Foundry technologies could offer an economical, 

time-saving and in many cases environmentally friendly option for the production of cast metal foams with a 

wide range of internal structure morphologies related to shape, size, regularity of distribution or degree of 

interconnection of internal pores. At present, some of the foundry methods for the production of metallic foams 

are already commercially used in the world. However, it is even more necessary to pay attention to these 

technologies and to continue to develop them - there are over 200 foundry plants in the Czech Republic, but 

none of them is engaged in the commercial production of metallic foams. 

2.1. Infiltration of the molten metal into mould cavity filled with presursors 

One process that fulfils the idea of low-cost production of metallic foams in terms of the materials used is the 

infiltration of liquid metal into a mould cavity filled with precursors. This technology is based on the use of 

conventional foundry processes, where the process of producing the casting is carried out in a completely 

standard way, with the only difference being that the mould cavity is filled with a special filler material (called 

precursors) before the metal is poured in. These particles touch each other and are removed from the finished 

casting after the metal has solidified. This creates a complex internal structure of cavities (pores) inside the 

casting. The principle of this technology is shown in the Figure 2. 
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Figure 2 Principle of the technology of infiltration of the molten metal into mould cavity filled with presursors. 

From left: bottom half of the mould with cavity, cavity filled with precursors, mould folding, infiltration of liquid 

metal into the mould cavity, removal of the casting, casting of metallic foam after removal of the gating 

system and precursors 

The shape and size of the precursors are key parameters in this technology as they directly influence the 

shape and size of the pores in the metal foam. The interconnectedness of the pores also plays an important 

role - the precursors can only be removed from the casting if they are all touching each other. If the precursors 

remain embedded in the metal metric, we would be talking about a different type of composite material, the 

so-called syntactic foam [17]. 

In previous experiments [18], several materials and processes for precursor production have been evaluated 

(see Figure 3). Based on the findings of these experiments, it was assessed that the focus should be on the 

production of precursors of the same shape from core mixtures showing great collapsibility after casting (furan 

no-bake). 

 

Figure 3 Example of individual types of precursors, from left ceramic material based on Al2O3∙SiO2, shards of 

cores (Croning technology), furan no-bake mixture [18] 

3. PRECURSOR PRODUCTION - EXPERIMENT 

The perfect shape of the precursor appears to be a sphere, but this shape is disadvantageous in terms of the 

contact of the individual precursors. The spheres touch each other only at a point, which may impair the 

removal of the precursors from the final castings. Therefore, the main objective of the experiment was to 

evaluate whether other precursor shapes could be produced. 

The experiment evaluated the furan no-bake core mixture for the possibility of making precursors of different 

shapes. First, the composition of the core mixture was determined - see Table 1. 

Table 1 Composition of furan no-bake core mixture 

 Basic sand Binder Catalyst 

Foundry silica sand Furan resin <75% FFA Based on p-toluensulfonic acid 

Name BG 27 (Biala Góra) Ecofur 2375 100T5D 

Supplier Sand Team Mazzon Hüttenes-Albertus 

Dosage [wt. %] 100 1 45 (to the binder content) 

Dosage [g] 5,000 50 22.5 
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The mixture of basic sand and activator was mixed on a laboratory paddle mixer for 1 minute for better 

homogenization. After this time, binder was added to the mixture and the mixtures were again mixed for 

1 minute. 

For the production of precursors, two special 100-cell (10 x 10) core boxes were designed and fabricated using 

3D printing technology (see Figures 4-6). 

   

Figure 4 3D model of the unfolded core 

box 

Figure 5 3D model of the 

folded core box 

Figure 6 Core box ready for 

filling the core mixture 

The workability time of the mixture was 5 min and was measured using a touch strength measuring instrument 

(DISA Georg Fischer +GF+). 

The handling strength for disassembly of the cores was reached 2 h after mixing the mixture. Afterwards, the 

individual samples were left in laboratory conditions to so-called "cure and ventilate".  This time was set, as 

the necessary time indicated by the manufacturer of the furan resin, at 24 h after mixing, when the mixture 

should reach a sufficient strength for use in casting. 

The resulting precursors were therefore cubes with an edge length of 10 mm (see Figure 7). This was the 

starting material for further processing of the precursors. In order to find the optimum precursor shape, it was 

decided that all the precursors produced (1,200 pieces) would be divided into individual batches (100 pieces 

each). These batches were weighed and sequentially placed in a laboratory apparatus with a rotary sieve 

designed for determination of abrasion loss. One batch was left completely without abrasion in its original state 

in the shape of a 10 x 10 x 10 mm cube. Each batch of precursors was then rubbed in the device for 

a predefined period (20-140 s). The batch was then weighed again to determine the abrasion value. 

 

Figure 7 Shape of precursors after removal from the core box 

Due to the assumption of decreasing precursor size with increasing rubbing time, it was chosen to work with 

two sets of precursors (2x100 pcs) at times ≥ 80 s. The change in precursor shape was subsequently evaluated 

using a Keyence VHX 6000 digital microscope. Table 2 defines the abrasion times for each set of precursors. 

Table 2 Rubbing times for individual precursor sets 

Nr. of batch 1 2 3 4 5 6 7 8 9 10 11 12 

Rubbing time [s] 0 20 40 60 80 80 100 100 120 120 140 140 
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Figure 8 shows the percentage increase in abrasion of the precursors with increasing rubbing time. The graph 

shows how much material is removed from the precursors with increasing rubbing time. In the case of an 

abrasion time of 140 s, this is more than half the weight of the precursor. 

 

Figure 8 Increase in abrasion loss with increasing rubbing time 

The shape of the precursor changed in parallel with increasing rubbing time. However, there was no loss of 

material in the entire volume at the same time, i.e. all surfaces were abraded, but only a gradual rounding of 

the edges and corners of the precursor and thus a gradual change from cubic to spherical shape. The gradual 

evolution of the shape change from the original cubic shape and the change in diagonal size can be seen in 

Figure 9.  

 

Figure 9 Change in precursor shape with increasing abrasion time - from left 0 s, 20 s, 40 s, 60 s, 80 s, 100 

s, 120 s, 140 s 

The difference between the original state and the state after abrasion of 140 s is seen in Figure 10. The figure 

shows that there is no significant change in the size of the precursor during rounding. 

 

Figure 10 Shape of the precursors before and after maximum rubbing time 

4. CONCLUSION 

It was evaluated that the observed core mixture (furan no-bake) is suitable for the production of precursors. 

By designing and fabricating a simple core box, the precursor production procedure was verified and it was 

evaluated that different shapes of precursors can be achieved by their successive rubbing. 
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The precursors will be further validated in the metallic foam casting process and the ideal precursor shape will 

be evaluated. Once the ideal shape of the precursor is found, a core box with the desired shape can be 

designed. 

Establishing a simple manufacturing process for precursors of the same size and shape will help to optimize 

the process of infiltration of liquid metal into the mold cavity filled with precursors. This will make the cast 

metallic foam material more accessible to both manufacturers and users. 
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Abstract 

The program Bi-Growth were used for simulating the formation of non-metallic inclusions (REM-O-S), and their 

growth. In the process of refining, the non-metallic inclusions are heterogeneous and create a mixture of 

different oxides or oxides and sulfides. These compounds are a consequence of the introduction of metals and 

ferroalloys in the form of complex deoxidants. The current work proposes a solution to the bi-growth of oxide 

and sulfide precipitates by focusing on the formation of precipitates after introducing REM to steel. Because 

high mixing energies are used during refining, the role of reactant diffusion into the reaction zone was 

neglected, and the system was treated as perfectly homogeneous in terms of chemical composition. Each 

precipitate was assumed to grow only on its surface, e.g REMxOy. In this case, the particle growth rate was 

found to depend solely on the concentration of all three components (REM,O,S). 

Keywords: Yttrium, non-metallic inclusions, REM, steel  

1. INTRODUCTION  

Non-metallic inclusions in steel affect the microstructure and properties of steel [1]. They are usually 

considered a detrimental part of the refining process. However, the final properties of steel products can be 

enhanced and shaped by their controlled growth, quality, quantity, chemical composition. Rare earth metals 

have a high chemical affinity for sulfur, oxygen and nitrogen and are therefore used as modifiers of non-metallic 

inclusions [2]. Their modifying effect is possible over a wider range of non-metallic inclusions in liquid steel 

because it can also include the nitride group. The rare earth group includes Sc and Y and lanthanides. These 

elements have been classified into two groups of light REM: La, Ce, PM, Nd, Sm, Er) and heavy: Y, Gd, Tb, 

Dy, Ho, Tm, Yb, Lu).  

REMs are used to reduce the sulfur and oxygen content in steel to the level of 10-6. REM elements are used 

to improve the metallurgical purity, and the formation of certain REM-based inclusions increases the strength 

and hardness of steel. Oxides can be used as centers for heterogeneous nucleation of sulfides, nitrides, and 

carbides, thus playing an indirect role in regulating the sulfur, carbon, and nitrogen content in steel [3]. 

The formation of oxide and sulfide non-metallic inclusions with REM content can be described in general by 

the following equations [4]: 

2[REM] + 3 [O] → (REM2O3) 

2[REM] + 3[S] → (REM2S3) 

2[REM] + 2 [O] + 3 [S] → (REM2O2S3) 

(REM2O2S) + [O] → (REM2O3) +  [S] 

(REM2S3) + [O] → (REM2O2S) + 2[S] 

The compounds possible to form between rare earth metals and oxygen and sulfur can be identified as: RES, 

RE2S3, RE5S7, RE5S7, RE3S4, RE2S4, RE2O2S. The current work proposes a solution to bi-growth of oxide and 

sulfide precipitates by focusing on the formation of inclusions after introduction yttrium to the liquid steel. 
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2. MATERIALS AND METHODS 

Bi - component nucleus growth model (Bi-growth) 

The current work proposes a solution to the bi-growth of oxide and sulfide precipitates by focusing on the 

formation of precipitates after introducing REM (yttrium) to steel. Each precipitate was assumed to growth only 

on its surface, e.g. yttrium oxide grows only on the surface Y2O3, yttrium sulfide on the surface of Y2S3. In this 

case, the particle growth rate was found to depend solely on the concentration of all three components (Y, S, 

O). It was assumed that the nucleus consists of n1 moles of sulfide 1 and n2 moles of oxide 2. Coefficient Aij 

is a quantity dependent on the supersaturation defined by the difference between the current and equilibrium 

yttrium concentration in steel and the reaction rate constant kij. An assumption was made that Aij>0, which 

means that a deficiency in any of the components terminates the growth process of a given precipitate, but 

neither terminates the growth process of the entire precipitate, nor the dissolution of the particles [5]: 

0ij = �ij ⋅ ���. = �ij]W���GMJ − W���G�Ja�.
,             (1) 

where: 

Aij - coefficient, 

Si - supersaturation, 

Β - mass penetration parameter, 

α - order of reactions in the calculation (assumed = 1), 

kij  - rate constant, depends on the yttrium„i” and surface „j”. 

Hence the quantitative increase of oxide 1 and oxide 2 in the bi-component nucleus is: 

dn� dt⁄ = G0�� ⋅ L� + 0�) ⋅ L)J |�⁄ ,            (2) 

where: w = 1,2, 
β = 1, 

hence:   

dn<dt = �\1\1U<��\1\2U�� ,               (3) 

dn�dt = �\2\1⋅U<��\2\2⋅U�� ,               (4) 

β = 1, 

n1 - moles of sulfide1, 

n2  - moles of oxide 2, 

Ai1  - coefficient dependent on yttrium concentration (for sulfide 1), 

Ai2 -  coefficient dependent on yttrium concentration (for oxide 2). 

Where the radius of a growing nucleus: 

 1 1 2 23

3 1
ν n ν n

4 πr
z

    


              (5) 

v1 - molar volume of sulfide 1 (cm3·mole-1), 

v2 - molar volume of oxide 2 (cm3·mole-1). 
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The molar volumes of examples of non-metallic inclusions are shown in 

(Table 1) 

Table 1 Calculated molar volumes of selected non-metallic inclusions 

Chemical compound Molar volume v of precipitate (cm3·mole-1), 

Y2O3 45.07 

Y2S3 70.80 

Y2O2S 49.39 

The block diagram of the computer program is shown in Figure 1 [1] 

3. SIMULATION RESULTS 

Calculations were performed, and the following data were used for the 

calculations: number of nuclei in 1 cm3 of steel equals to 106, 

concentration: S = 0.008%, Y = 0.09%, O = 0.01%, equilibrium 

concentration for Y = 0.005%, molar volume v1 of sulfide 20 (cm3·mol−1), 

molar volume v2 of oxide 20 (cm3·mol−1) [1].  

 

 

Figure 3 Growth of bi-component nuclei of sulfide n1 (Y2S3) and oxide n2 (Y2O3) in steel  

(for r0 = 1 µm) 

Figure 1 Block diagram of 

a program to calculate the 

Bi-growth of non-metallic 

inclusions during ladle 

refining of steel [1] 

Figure 2 Growth of the radius of nucleus (with an initial radius r0 = 1 µm) 

in steel 
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Figure 4 Change of component concentration during the growth of a bi-component nucleus (Y2O3-Y2S3) in 

steel (for r0 = 1 µm) 

 

Figure 5 Growth of the radius of nucleus (with an initial radius r0 = 5 µm) in steel 

 

Figure 6 Growth of bi-component nuclei of sulfide n1 (Y2S3) and oxide n2 (Y2O3) in steel (for r0 = 5 µm) 
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(a)  

(b)  

Figure 7 (a,b) Change of component concentration during the growth of a bi-component nucleus (Y2O3-

Y2S3) in steel 3 (for r0 = 5 µm) 

Figures 2-7 present calculation results the molar growth of a bi-component inclusion composed of n1 of sulfide 

(Y2S3) and n2 of oxide (Y2O3) for an inclusion with initial radius r0 = 1 µm and 5 µm. Figures 2 and 5 show the 

growth of a bi-component nucleus. For a particle with initial radius r0 =1 µm, the radius grows mainly in the first 

phase of the process up to about 0.4 process progression; further increment is small and is due to yttrium 

reaching equilibrium concentration and sulfur deficiency. In the case of a nucleus with an initial radius of r0 = 

5 µm, growth also takes place at an early stage of growth, with equilibrium establishing earlier, i.e., by about 

0.2 process progression. It is observed that the low content of sulfur in the steel causes that it to be consumed 

for the precipitation of the sulfide phase.  

 

Figure 8 Growth of n1 (Y2O3) in steel (for r0 = 5µm) (parameter β = 0,1; 0,5; 1) 
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Finally, calculations were performed in view of the magnitude of the parameter β and its effect on the growth 

process of bi-component oxide-sulfide inclusions. The parameter β has a significant influence on the results 

of the simulation process. A significant decrease in the value of β clearly slows down the growth process. 

4. CONCLUSIONS 

The growth of bi-component oxide-sulfide inclusions containing yttrium depends on the sulfur content in steel. 

A low sulfur concentration results in sulfur deficiency thus inhibiting the growth of sulfide. Further growth of the 

inclusion takes place through the formation of oxide until yttrium reaches an equilibrium concentration. Since 

the formation and growth of non-metallic inclusions occurs at every stage of liquid steel processing and also 

during crystallization, the parameter β must be taken into account when analyzing the growth process. The 

adoption of low values of the parameter β in the calculations affected the kinetics of this process, though did 

not change its nature. Still the main factor influencing the chemical composition of complex inclusions is the 

deficit of the component of the inclusion. 
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Abstract 

The temperature of the bloom during hot rolling is a crucial factor for the quality of the final product. Heat losses 

during hot rolling which affect bloom temperatures were therefore experimentally investigated. 

Experiments were designed to simulate heat transfer on the bloom surface during rolling when: 1. the bloom 

does not move and is far from the work roll (heat transfer by radiation and free convection in air); 2. the bloom 

moves far from the work roll (heat transfer by radiation and forced convection in air); 3. the bloom moves close 

to the work roll so the residual water from roll cooling falls on its surface (heat transfer by radiation and forced 

convection by residual spray from work roll cooling). Roll bite is excluded in this paper. Experiments were 

performed with an austenitic steel plate embedded with thermocouples. The plate was firstly heated up to 

900 °C and then repeatedly moved by a computer controlled mechanism through a section which simulated 

the blooming line. Three different velocities of 1, 3, and 5 m·s-1 were tested to observe the influence of velocity 

on the heat losses. The temperatures gathered during the experiments are evaluated numerically by an inverse 

heat conduction task and analytically. The final results show that the highest heat loss is caused by radiation; 

its value is 171 W·m-2·K-1 for 1,100 °C. The heat loss due to residual water from work roll cooling 

is 80-88 W·m-2·K-1 and the heat loss by forced air is found to be from13-29 W·m-2·K-1. 

Keywords: Hot rolling, heat loss, heat transfer coefficient 

1. INTRODUCTION 

The quality of hot rolling final products is greatly affected by cooling - cooling of work rolls and cooling after hot 

rolling on a run-out table. The cooling process after hot rolling on a run-out table is influenced by many 

parameters (water flow rate, surface temperature of steel, water temperature etc.), which even today cause 

many problems, such as poor cooling uniformity [1-4]. Improper work roll cooling can adversely affect the 

profile and shape of the rolled material. The issue of work roll cooling and their service life has been dealt with 

by the authors in [5-8]. The crucial factor for the quality of the final product is the temperature of the bloom 

during hot rolling. Experimental work was carried out to investigate heat losses of the bloom during hot rolling. 

As the bloom is exposed to more heat transfer types during hot rolling, the heat losses were determined 

separately for stationary dry bloom, for moving dry bloom and for moving bloom when water residual from roll 

cooling falls on the bloom surface. Heat transfer by radiation, free convection and forced convection to ambient 

air and to falling water were evaluated by the calculations based on the experimental data. Roll bite was not 

investigated. 

2. EXPERIMENT 

Hot rolling was simulated experimentally in laboratory conditions. An austenitic steel test plate (material 

1.4828) with a thickness of 25 mm was embedded with six thermocouples. The measurement points were 

0.7 mm under the cooled surface and were welded to the test plate. All surfaces of the plate were thermally 

insulated except the tested upper one. The test plate was put on a moving carriage that is part of the 8 m long 
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laboratory test bench shown in Figure 1. The test bench enables linear movement and can be also rotated by 

up to 180°. The test plate was heated up to 900 °C with the tested surface down in the electric heater (Figure 1) 

before the experiment. When the temperature of the plate reached 900 °C and the temperature field inside the 

plate was homogeneous, the electric heater was removed and the plate was rotated so that its surface was 

facing up. At the beginning of the experiment, the test plate was dry and did not move, which simulated zone 1, 

where the bloom is dry and stationary. Then the plate moved linearly towards the cooling section, which 

simulated zone 2, where the bloom is dry and moving. Finally, the test plate moved repeatedly backwards and 

forwards through the cooling section, which simulated zone 3, where the bloom is exposed to falling residual 

water from roll cooling (see Figure 2). The thermocouples inside the test plate were connected to the data 

logger during the whole experiment. Temperature history and test plate position were recorded throughout the 

whole experiment and downloaded to the computer after the experiment. Experiments were performed for test 

plate velocities of 1, 3, and 5 m·s-1. The downloaded data were used to evaluate the heat transfer coefficient 

by an inverse heat conduction task [9]. 

 

Figure 1 Experimental stand with moving tested sample 

 

Figure 2 Photo of heat transfer measurement 
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3. RESULTS 

3.1. Stationary dry bloom 

Heat transfer on a stationary dry bloom surface (zone 1) is simulated at the beginning of the experiment that 

follows immediately after the test plate is pulled out from the electric heater. The test plate does not move and 

is dry. Heat from the stationary dry bloom surface is transferred to the air by free convection and radiation. 

The heat transfer coefficient determined for zone 1 by the inverse heat conduction task therefore consists of 

the heat transfer coefficients for free convection into the ambient air and for radiation: 

ℎ = ℎX + ℎ�                (1) 

where ℎ is the overall heat transfer coefficient in zone 1 (W·m-2·K-1), ℎX is the heat transfer coefficient for free 

convection into the ambient air (W·m-2·K-1) and ℎ� is the heat transfer coefficient for radiation (W·m-2·K-1). 

The overall heat transfer coefficient was evaluated by the inverse heat conduction task from the experimental 

data. The heat transfer coefficient for free convection into the ambient air can be computed analytically [10]. 

The heat transfer coefficient for radiation is expressed by equation: 

ℎ� = 5.67‧10b��Gp3 + pf��JGp3) + pf��) J             (2) 

where � is the emissivity coefficient (-), p3 is the surface temperature of the test plate (K) and pf�� is the ambient 

air temperature (K). 

All quantities in equation (2) are known from the experimental work (see Table 1) except the emissivity 

coefficient. The emissivity coefficient can therefore be evaluated by the use of equation (1) and equation (2). 

The emissivity coefficient depends on the amount of oxides on the surface. The value of 0.84 was calculated 

for a surface almost free of scales (after the first heating in an inert atmosphere) and a value of 0.92 for the 

oxide surface. These values were also validated using pyrometer measurements. The surface roughness of 

the test plate free of scale was Ra = 3.2 µm and Rz = 56 µm in direction A (see samples in Figure 3) and 

Ra = 2.8 µm and Rz = 32 µm in a perpendicular direction B. The roughness of the test plate with an oxidized 

surface was Ra = 3.3 µm and Rz = 36 µm in one direction and Ra = 2.9 µm and Rz = 26 µm in a perpendicular 

direction. 

3.2. Moving dry bloom 

Heat transfer on the moving dry bloom surface (zone 2) is simulated by the heated test plate that moves at a 

speed of 1, 3 or 5 m·s-1 in the ambient air. Heat from the moving dry bloom surface is transferred by radiation 

and forced convection into the ambient air. The heat transfer coefficient determined for zone 2 therefore 

consists of the heat transfer coefficient for radiation and the heat transfer coefficient for forced convection into 

Table 1 Heat transfer coefficients for stationary bloom for  

             surface temperature of 870 °C and ambient air  

             temperature of 20 °C 

Oxidised 

surface 

� 

(W·m-2·K-1) 

�� 

(W·m-2·K-1) 

�� 

(W·m-2·K-1) 

No 106 11 95 

Yes 115 11 104 
 

 

Figure 3 Samples for surface roughness 

measurements 
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the ambient air. Equation (1) can be used, but ℎX is now the heat transfer coefficient for forced convection into 

the ambient air (W·m-2K-1) and ℎ is the overall heat transfer coefficient in zone 2 (W·m-2K-1). 

The value of ℎ� was determined by equation (2) with emissivity coefficient ε valid for zone 1 for an oxidised 

surface. The value of ℎ was evaluated by an inverse heat conduction task. The heat transfer coefficient for 

forced convection into the ambient air ℎX can then be computed from equation (1). The values of ℎX are 

summarized for a surface temperature of 800-900 °C in Table 1 and are consistent with the results published 

by Laloui and Rotta Loria [11]. 

Table 2 Heat transfer coefficient for forced convection on the moving dry bloom surface (zone 2) and heat  

             transfer coefficient for forced convection by the water on the moving bloom surface (zone 3), relation  

             to surface velocity 

Velocity 
(m·s-1)  

�� zone 2 
(W·m-2·K-1) 

�� zone 3 
(W·m-2·K-1) 

1 13 88 

3 19 83 

5 29 80 

3.3. Moving bloom hit by residual water from roll cooling 

Heat transfer on the moving bloom surface (zone 3) is simulated by the heated test plate that repeatedly moves 

under the cooled roll at a speed of 1, 3 or 5 m·s-1 (see Figure 1 and Figure 2). The amount of residual water 

from roll cooling was 1.9 l·s-1·m2. Heat from the moving test plate surface hit by residual water from roll cooling 

is transferred by the radiation and forced convection into the water. Equation (1) can also be used, but ℎX is 

now the heat transfer coefficient due to the forced convection into the water (W·m-2·K-1) and ℎ is the overall 

heat transfer coefficient in zone 3 (W·m-2·K-1). 

The value of ℎ� was determined in zone 1, and ℎ was evaluated by an inverse heat conduction task. The heat 

transfer coefficient for forced convection into the water ℎX can then be computed from equation (1). The values 

of ℎX are summarized in Figure 4. The position 0 mm is directly under the roll. The high peak in the centre is 

caused by water accumulated in the roll gap. The smaller peaks at positions of -500 mm and 500 mm are 

caused by water dropping from the cooled work roll. The values of ℎX shown in Figure 4 were averaged at a 

position interval of (-1,000; 1,000 mm) for each movement velocity and can be seen in Table 2. 

 

Figure 4 Heat transfer coefficient for surface temperature 800-900 °C for forced convection by water on the 

moving bloom surface depending on position under the cooled work roll 
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4. CONCLUSION 

Heat losses caused by radiation, free convection into the ambient air, forced convection into the ambient air 

and into the water during hot rolling of the bloom were investigated using laboratory experiments. 

The measurements were evaluated to obtain information about heat loss on a dry stationary bloom, on a dry 

moving bloom and on a moving bloom hit by water coming from spray cooling of the roll.  

The results show that the highest heat loss is caused by radiation; its values are 88-171 W·m-2·K-1 for surface 

temperatures of 800-1,100 °C. The heat loss due to residual water from work roll cooling decreases as 

movement velocity increases, ranging from 80 to 88 W·m-2·K-1. The heat loss caused by forced air increases 

as movement velocity increases, ranging from 13 to 29 W·m-2·K-1. The emissivity coefficient was found to be 

0.84 for a surface free of scales and 0.92 for an oxidized surface with roughness of approximately Ra = 3 µm. 
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Abstract  

The paper presents a modified microstructure evolution model that better considers the influence of strain 

induced precipitation (SIP) on static recrystallisation (SRX) kinetics. This is achieved by calculating the time 

for the 50 % softening t0.5 (s) by static recrystallisation separately for the situation when it does not occur and 

separately when SIP occurs. This approach makes the resulting model more sensitive to grain coarsening in 

the high temperature rolling region, which is a consequence of the rapid progression of SRX and the larger 

interpass times during rolling on the country cross and continuous rolling mills. A method for deriving a modified 

model based on previously published two-stage softening curves is described. The modified model was used 

to design a rolling mode for a 90 mm diameter round bar. The modelling can be used to determine the 

necessary reduction in rolling temperature to induce SIP while the rolling is still in progress. This is because, 

during conventional rolling, SIP occurs after the last pass and thus has no effect on austenite grain size. 

Lowering the rolling temperature by 45 °C, it is possible to reduce the grain size from 80 to 45 μm while 

increasing the mean flow stress (MFS) by only 15 % in the 8th pass. The resulting grain size for both rolling 

regimes is consistent with the operating results. A second controlled rolling mode is also presented (reduction 

of the rolling temperature by 100 °C), which leads to a grain refinement to 25 μm, but at the cost of an increase 

in MFS of about 40 % in the 8th pass. The modified model can also be used to optimise the chemical 

composition of the steel. 

Keywords: Metallurgy, steel, recrystallisation, precipitation, microstructure evolution 

1. INTRODUCTION  

1.1. Microstructure evolution model 

Customer interest in higher strength steels and interest in reducing the cost of alloying elements leads to 

increased use of controlled forming processes in the production of long and flat products. However, this 

requires a detailed mapping of the structure-forming processes during the entire rolling process (heating, 

deformation-temperature history and cooling). One of the tools that metallurgists and researchers in steel mills 

can use are microstructure evolution models in the form of a spreadsheet, as introduced by JONAS [1-2]. The 

input variables of the model are the chemical composition of the steel (C, Mn, Si, Nb, V, Ti), the austenite grain 

size after heating, the temperature in each pass (which can be determined by operational measurement, 

analytical or numerical calculation or using FEM), the elongation coefficient for each pass (determined from 

calibration tables, by operational measurement of the dimensions of the rolls or numerical simulations), length 

of the interpass times (calculated from rolling speed and distance between rolls in the case of continuous mills, 

or by operational measurement or analysis of long-term operational data such as current consumption in the 

case of the country cross or reversible rolling mills). The model calculates the following input variables: the 

actual longitudinal strain, the mean strain rate and the Zener-Hollomon parameter. For its calculation, 
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knowledge of the activation energy Q (J·mol-1) is required, which is either determined by calculation based on 

the chemical composition of the steel or obtained from the literature for Nb microalloyed steels. 

The output of the model is information about the strain induced precipitation, which is calculated based on 

these parameters: 

 Ks - supersaturation ratio of steel concerning the heating temperature, 

 tps (s) - time of the precipitation onset at a given temperature (calculated using the modified Dutta-Sellars 

model of Siciliano and Jonas [1-2] (with constants A = 3·10-6 and B = 2.5·1010. This modification 

considers the influence of Mn (increases the solubility of Nb in steel and thus delays precipitation) and 

Si (decreases the solubility of Nb in steel and thus accelerates precipitation), 

 Σtip/tps - an indicator that successively adds the contributions of individual passes to reach the 

precipitation onset time (see Figure 1). If its value reaches 1, then precipitation has occurred. 

 

Figure 1 Illustration of the concept of successive contributions of individual passes (from 1 to n) to calculate 

the onset of precipitation 

Information about the dynamic recrystallisation (DRX) process, which is calculated using the following 

parameters: 

 ea - cumulative strain. If complete softening from the previous pass has not been achieved by post-

dynamic recrystallisation (MDRX - metadynamic recrystallisation or SRX - static recrystallisation), a 

proportional part of the strain (according to the value of the proportion of the fractional softening X) from 

the previous pass is added to the strain in the current pass, 

 ecr - critical strain for the initiation of DRX, which is calculated using the peak strain (it is a function of 

the Zener-Hollomon parameter) and considers the effect of the Nb equivalent, 

 XDRX - the proportion of fractional softening is calculated using the modified Johnson-Mehl-Avrami-

Kolmogorov (JMAK) equation, using the strain required to soften half of the structure e0.5. 

 Information about the progress of post-dynamic recrystallisation (SRX or MDRX), which is calculated 

using the following parameters: 

 XMDRX - the proportion of postdynamically recrystallised grain calculated using the Johnson (JMAK) 

equation using the time required for half of the structure to soften t0.5 (s). 

 t0,5 (s) - the time needed for softening is calculated separately for SRX and MDRX (if DRX was started 

in the previous pass). Through this parameter, the precipitation model is linked to the recrystallisation 

and austenite grain size evolution model, where if precipitation has taken place, the value of t0,5 (s) for 

both SRX and MDRX is multiplied by 10 (simulating the effect of precipitation on RX deceleration) 
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The grain size, as an input value for the following pass as a multiple choice. 

 DRX (µm) - the recrystallised grain size (SRX or MDRX). This value is never used for a further pass 

because only one of these variations can always occur: 

1) Recrystallisation is over - grain coarsening after SRX or MDRX counts, 

2) Recrystallisation is not complete - average grain size is calculated. 

 Dgg (µm) - grain size after grain coarsening (grain growth) considers whether precipitation took place 

and the inhibiting effect of precipitates on the mobility of grain boundaries. If SIP did not occur, then 

equations are used for tip < 1 s and vice versa). 

 Mean Flow Stress (MFS) according to Misaka and modified for microalloyed steels according to Siciliano 

and Jonas [1-2]. 

1.2. Microstructure model modification 

A disadvantage of the model described in the previous section is the weak connection between precipitation 

and recrystallisation. The equation describes the kinetics of recrystallisation for calculating t0.5 (s), e.g., for 

microalloyed Nb steels [3]: 

M1,Rd�� = G−5,24 + 550 ∙ ����J ∙ 10b�� ∙ �Gbn���∙��Y�J ∙ �1) ∙ exp ¡jj1 111�∙¢ £         (1) 

where M1,Rd��(s) is the time for the 50 % softening, e (-) is strain, D0 (µm) is the austenite grain size,  

R (J·K-1·mol1 is the molar gas constant and T (°C) is temperature. 

This equation is valid for both the situation when SIP has not occurred and the situation when SIP has occurred, 

automatically assuming that SIP will occur when the temperature drops below a certain value. Thus, it does 

not consider the full deformation-temperature history available in the form of the Σtip/tps parameter. 

In the literature [4-10], we can encounter two-step curves describing the growth of the proportion of softened 

structure during the interpass time depending on the thermodynamic conditions of forming, i.e., temperature, 

strain, strain rate and grain size. The most complete data set represents the work of authors around Medina 

[11-16]. The data of these authors were used in the modification of our model. The two-stage curves presented 

in that literature (see Figure 2), or the original points, were divided into a part without SIP and a part with SIP 

and interleaved using Avrami S-curves (see Figure 3). 

  

Figure 2 Variation in the fractional softening (Xa)  

with time (t) [14] 

Figure 3 Plotting the experimental data with  

S-curves of original data see Figure 2 

Using statistical analysis, the following equations were derived to describe t0.5 (s): 
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Without SIP: 

M1.R = expG6.036 ∙ � − 80.87 ∙ %�� − 19.83J ∙ exp ¡� 1�¤ n¥¤∙%�Yb�)� )�)∙I�)n� jn¥�∙¢ £       (2) 

With SIP: 

M1.R = expG32.235 ∙ � − 329.6 ∙ %�� − 43.24J ∙ exp ¡n ��n j)n∙%�Ybn�¥ �j�∙I�n¤¥ j)R�∙¢ £       (3) 

Since, in the experiment from which our data was taken, the grain size ranged from 140 to 210 μm, it was 

necessary to add a term to the equations to describe t0.5 to account for the change in grain size during actual 

rolling. 

M1.RG¦J = M1.R ¡¦�¦§ £)
              (4) 

where �§ is the average value of grain size used in the experiment (180 μm). 

1.3. Comparison of the new equations with the original equations of other authors 

We have compared our equations (2 to 4) with 

equation (1). The plots of the dependence of t0.5 (s) on 

temperature for three different grain size values and 

for limiting values of Nb content and partial strain value 

are shown in Figure 4. We intended that the new 

equation for calculating t0.5 (s) without SIP at higher 

temperatures should roughly match the equations 

from the literature. Conversely, the new equation for 

calculating t0.5 with SIP should match the equations 

from the literature at lower temperatures (below the 

zero recrystallisation temperature of TNR (°C)). As 

shown in Figure 4, similar values using our and 

equation (1) are obtained in a relatively narrow 

temperature range of about 900 and 975 °C, assuming 

that the conditions for initiating SIP are met. Suppose 

these conditions are not met (at any temperature). In that case, we obtain approximately one order of 

magnitude smaller values of t0.5 (s) using the new equations, which will lead to the rapid completion of SRX 

and significant grain coarsening in the case of rolling with larger interpass times (reciprocating and continuous 

passes). This is consistent with our operational experience with rolling Nb microalloyed steel (see next section). 

2. SIMULATION OF CONTROLLED FORMING USING A MODIFIED MODEL 

The modified model described in the previous chapter can now simulate the microstructure evolution of other 

profiles of the same type of steel (Nb alloy steel, with a carbon content above 0,15 wt. %). The model for 

normal rolling or rolling with a temperature reduced by 100 °C of a 90 mm diameter round bar is shown in 

Figures 5 and 6. The input parameters were taken from the calibration table, and the temperatures were 

estimated based on experience with O100 (100 mm diameter round bar). The temperature reduction is 

achieved by free cooling the roll before the 6th stand. For a given temperature reduction, the delay time needs 

to be calculated (calculated with a cooling rate of 0.4 °C·s-1). The calculated value is orange in the tip column 

(5th pass). To calculate the recrystallisation or coarsening of the grain after the last pass, the values of the 

time to the start of precipitation (orange cell in the tip (s) column of the 9th pass) and the temperature of the 

start of precipitation (orange cell in the Ti (°C) column) are used. 

 

Figure 4 Comparison of t0.5 (s)  according to 

equations (1 to 3) and equation (4) 
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Figure 5 Print Screen of input parameters and outputs of the O90 microstructure  

development model - conventional (normal) rolling 

 

Figure 6 Print Screen of input parameters and outputs of the O90 microstructure 

development model - controlled rolling (T = 100 °C) 

The graphs illustrate the model's outputs in Figures 7 and 8. Figure 7 shows a plot of grain size evolution for 

all three variants. In the conventional rolling, SRX takes place after each pass (only partially after the 6th pass, 

X = 0.63). Thus, the grain refines to 63 μm before the 9th pass, but then, due to the relatively small deformation 

in the last pass and the slow onset of SIP after rolling, the grain coarsens to 79 μm. By lowering the temperature 

before the 6th stand by 45 °C, precipitation can be induced in the 8th pass, which ultimately results in a 

refinement of the austenitic grain to 45 μm before phase transformation. In addition, a residual strain of 0.18 

results in a refinement of the ferritic grain. This is already a significant improvement since, in austenitic grains 

of this size, the formation of Widmannstatten ferrite, which can cause low impact work of rolled bars, can no 

longer be expected. Lowering the temperature before the 6th stand by 100 °C leads to only a partial SRX in 

the 6th to 8th pass, which, together with the SIP in the 8th pass, leads to a grain refinement down to 25 μm. 

Combined with a residual strain of 0.3, we can expect a ferritic grain below 20 μm, which is already close to 

the structure after normalisation annealing (from previous measurements, we have determined 11 - 16 μm 

after normalisation annealing for this steel). 
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Figure 7 Grain size evolution during O90 rolling on individual stands (K52M, all variants considered) 

 

Figure 8 Dependence of MFS on reciprocal temperature (O90, all variants) 

CONCLUSION 

This paper presented a modified model of microstructure evolution that better considers the effect of SIP on 

SRX kinetics, in contrast to the existing model. This model is particularly suitable for rolling with larger interpass 

times during high temperature passes, as it better explains the causes of the enormous austenitic grain 

coarsening encountered during actual rolling at the Heavy Section Mill at Liberty Ostrava a.s. 

The rolling of a 90 mm diameter round bar was simulated using the modified model. Firstly, conventional rolling 

was modelled, where it was shown that SIP takes place after the last pass and does not have such a positive 

effect on grain refinement, the predicted grain size is about 80 μm, which corresponds very well to the 

operational results. Using the modified model, a rolling mode was designed to cause the SIP to take place 

after the 8th pass. The temperature needs to be reduced by 45 °C before the 6th pass. The SIP after the 8th 

pass results in refinement of the austenitic grain to 45 μm. This value is also very close to the operating results 

in controlled rolling. However, this mode will require an increase in the MFS in the 8th pass of about 15 %. 

When designing the next controlled rolling mode, it is logical to look for a temperature reduction that will induce 
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SIP already in the 7th pass. However, this is not possible with the given rolling mode because too large a 

temperature drop together with a small total strain in the previous passes would lead to a situation where no 

SIP occurs at all. Therefore, we have settled for a regime where SRX is suppressed in the last passes (6 to 8) 

and, thus, due to the SIP after the 8th pass. We obtain an austenitic grain after rolling with a size of 25 μm. 

This mode has not yet been operationally verified because there is concern that increasing the MFS in the 8th 

pass by about 40 % could damage the rolling stands or rolls. 

This case study was used to show how a modified development model can be used to design the rolling mode. 

However, due to its sensitivity to chemical composition, this model can also be used to modify the chemical 

composition of the steel. It is possible to find contents of Nb, Si (supports SIP by reducing the solubility of Nb 

in the Fe matrix) and Mn (opposite effect to Si), for which the required temperature reduction to induce SIP 

while still rolling will be minimal. 
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Abstract 

The paper deals with digital image processing methods, related to rolling mill. Image processing is a method, 

which is used to harvest useful data from digital images. It is no so common to use this term with rolling mill, 

but contrary is the case. The present state of rolling mill uses an operator to guide the billets to the mill. This 

is an exhausting job, focusing on concentration. In the past, there were many attempts to automate this task, 

but without success. The problem is to determine exact position of the billet and then its proper guidance to 

the center of the mill. Modern trends in the development of automation in the metallurgical industry are 

characterized by the widespread use of information technology. Today, automated control systems are used 

in all modern companies in the metallurgical industry and the tendency of their involvement is increasing. The 

use of such systems makes it possible to ensure the continuous operation of the equipment and to minimize 

unplanned downtime. The main goal of the article is to show the use of digital image processing methods for 

rolling automation processes. 

Keywords: Rolling, digital image processing, automatization 

1. INTRODUCTION 

Automation leads to improved quality of manufactured products due to process stability, increased labor 

productivity and minimization of the human factor in production. The article deals with the description of the 

main technological steps in the rolling process and contains a proposal for the automation of pre-roll handling 

processes. It will involve the use of computer vision technology using a system of line lasers, digital cameras, 

and algorithms for digital image processing. The system will be used to manipulate the rolled bars between 

the individual stands and between the rolling calibers within the rolling mill stands. 

The modern metallurgical plant with a full metallurgical cycle combines three main productions, namely the 

blast furnace, the steelworks, and the rolling mill. The rolling mill usually includes several independent 

workshops that produce various products according to the current range. Cast iron obtained in blast furnaces 

is processed in converters, open-hearth furnace, or electric steel furnaces. The supply of liquid iron, which 

ensures the continuous operation of steel mills, is stored in heated warehouses. The technological process of 

production of rolled products consists of two stages: rolling of an ingot into a semi-finished product and rolling 

of a semi-finished product into a finished product. 

2. TECHNOLOGICAL PROCESSES IN ROLLING MILL 

One of the main metal forming processes in the metallurgical industry is rolling. Rolling mill play a major role 

in completing metal processing in the metallurgical industry. The rolling mill is a set of machines and units 

designed for plastic deformation of metal in rolls, and its further processing and transportation. It is a complex 

consisting of many mechanisms connected by one technological line for metal forming between rotating pair 

of rolls. The main mechanisms of rolling mills are the rolling stands, which are designed to process metal and 

give it the desired cross-section and shape of the finished product. In the broader sense it is a system, or 
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series of machines that performs not only rolling but also auxiliary operations. The auxiliary equipment are 

designed for the transporting of the original billet from the warehouse to the heating furnaces and rolling stands, 

the transfer of rolled material from one caliber to another, tilting, cutting into pieces, marking, straightening, 

packaging, transfer of finished products to the warehouse, etc. 

Rolling mills are divided according to the purpose, number, and location of stands and number of rolls. It should 

be noted that the production process of rolled products consists in the plastic deformation of steel by exposure 

to rotating rolls. The billet is fed to the rolling stand, the deformation zone of which is fitted with rolls, passing 

through the space defined between them, where it obtains the required shape and dimensions by means of 

pressure influences. [1-3] 

3. ROLLING MILL MECHANISMS AND PROBLEM DEFINITION 

The construction, dimensions and weight of the rolling stands depend on the purpose and specialization of the 

rolling mill, the conditions of the metal rolling process and the number of working rolls in the stand itself. There 

are many types of rolling mills, and their classification methods are not unified. It can be classified in several 

ways, based on the temperature of rolling, rolling mill product, roll configuration, stand arrangements, etc. 

The starting material of rolling are continuous cast billets of various shapes, sizes, and steel grades. The 

technological process of rolling is a complex of successive thermomechanical operations performed on the 

relevant rolling mill equipment to obtain a semi-finished or finished product. The prepared starting material is 

heated in heating furnaces to reduce the flow stress of the metal, increase its plasticity, and improve the 

physical, mechanical, and physicochemical properties. After discharging from the furnace and at the beginning 

of rolling, the temperature of the metal heating is checked by an 

optical pyrometer, a photoelectric element, or other devices. At 

the same time, the uniformity of the continuous cast billet heating 

is checked over the entire height, both visually and by its behavior 

when rolling. An unevenly heated continuous cast billet bends 

during rolling due to uneven deformation. The heated metal is 

transported to the rolling mill using roller conveyors after it falls 

out of the furnace. The advantage of pusher furnaces is that 

pushing is the easiest and cheapest method of transporting metal 

through the furnace. Roller conveyors are designed for 

transporting metal to the rolling stands, filing metal in the rolls and 

transfer it to other equipment and mechanisms. All other roller 

conveyors are called transport. 

When rolling, it is necessary to move the billet between the 

individual stands and between the rolling calibers within the rolling 

stand. The movement of the metal is ensured by two handling 

units (cars) installed on the input and output side of the stands. 

The loading of material into the caliber of the working rolls is 

performed by a manipulator on the rails, which is operated by the 

operator from the control room located in the upper part. Improper 

introduction of material into the caliber of the work rolls can lead 

to damage of the rolling mill or rolls or manipulator, which can 

cause production downtime and consequent losses. 

Due to the human factor, manual operation of handling trucks is inaccurate and can lead to poor production 

consequences. There is also some time set aside for the entire rolling process (4-5 minutes), otherwise the 

material will cool. Therefore, if the operators do not have time to finish rolling in time, this leads to cooling of 

Figure 1 The transfer of rolled material 

[10] 
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the billet and a change in its properties, which is unsuitable for further rolling. The automation of a given 

process, i.e., the transfer of rolled material between the individual stands and between the rolling calibers 

within the rolling stand (Figure 1), can significantly eliminates the risk of the human factor. [4] 

4. DIGITAL IMAGE PROCESSING IN HEAVY INDUSTRY ENVIRONMENT 

Automation of rolling mill production depends on exact billet position knowledge. This is a crucial task, with no 

easy solution. One of the possibilities is to use digital image processing. The task is found out positions of the 

billet and the position send to automation system. There are many small difficulties, which complicate relatively 

easy task. The first issue is a hot billet. There is necessity to 

take images from distance because the heating energy in form 

of infrared radiation is very intensive and can severely damage 

to camera. Temperature is above 1000 °C and IR component 

of light is high enough to excite not only right pixels, but also 

nearby areas and cause “fuzzy” image. The solution is to place 

digital camera at least 3 m from the heat up surface and to use 

lenses with partial IR filter. The red-hot surface can be the 

advantage in some cases but emits far more light energy than 

the surroundings. Then contrast can be so high, that the edges 

of billet could be easily defined. The above mentioned must be 

combined with exposure time, the parameter of digital image 

camera. The shorter the time, the darker the image. The 

difference can be seen in figures (Figure 2) and (Figure 3). 

The original image is unusable for subsequent processing, but 

the second image with suppressed brightness is perfect. As 

can be seen on (Figure 3), the background of the image is 

naturally dark, because of low exposure time. The billet is so 

bright, that the darkening is not concern. [5-8] 

The next step is to binarize the image. The binarization 

process is conversion from color (grey scale) image to black 

and white image. The difference is that color image consist of 

3 matrixes, where each cell could have a value from 0 to 255. 

Black and white image has only one matrix and each cell 

(pixel) could have only two values, 0 or 1. This type of image 

could be used to advanced processing. The binarization is not 

so complicated, but the wrong settings for initial variables of 

the algorithm could destroy the image’s data. There must be 

set up a threshold, which defines which pixels (matrix cells) 

will gather 0 and which 1. There is not any universal answer 

on how to setup this variable. It depends on overall image 

structure, on level of contrast, on maximum brightness of 

region of interest and so on. The example is presented on 

figure (Figure 4). The wrong selection of light threshold leads 

to appear many unwanted artefacts which complicate 

succeeding processing. Increasing light threshold will remove 

the artefacts, as is presented on (Figure 4) on the right 

bottom. The isolated artefacts can be removed by another 

algorithm, but there is a risk of removing some valuable areas 

with data we want to extract. [6,7] 

Figure 3 Image with IR filter and exposure 

time set to 1/250 with ISO 100  

[own study] 

Figure 2 Original image of the billet 1/100 

ISO 1600 [own study] 

Figure 4 Binarized image with wrong and 

proper setup of the light threshold  

[own study] 
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With clear view of billet edge, it is possible to calculate its mean value, respectively probability of edge 

occurrence. The probability is in place because the edge is defined by white pixels neighboring the blacks. 

The mean value moves us from probability to real coordinates.  

The final operation is calculation of regression line. The regression line defines the borders of the billet and 

serves as a starting point for center calculation and movement direction of the billet. The picture (Figure 5) 

shows calculated lines, which become from the numerical algorithm, which seeking both borders of the billet 

and do linear regression calculation. The numerical form of linear regression equation is presented in (1). [6,9] 

¨ ∑ ��) +U�ª� � ∑ �� = ∑ ��U�ª�  «�U�ª�¨ ∑ �� +U�ª� �L = ∑ «�U�ª�              (1) 

The regression lines are presented by red color and perfectly 

trace billet border, even though it is rough, because of 

binarization of the image and due to imperfections of digital 

camera optical system. The results can be verified with 

(Figure 2), which acts as an input data for analytic algorithm. 

Now can be easily calculated center of the billet and movement 

direction. These parameters can be used by operator to revise 

position of the moving billet before it enter the mill, or by 

automation system, to automatically steer the billet to the mill. 

5. CONCLUSION 

The use of digital image processing methods can facilitate and 

optimize the production process and quality control for rolling 

automation processes. By using computer vision technology using a system of line lasers, digital cameras, 

and algorithms, it is easier to obtain the position of the block and its position relative to the center of the rolling 

mill. The support of the camera system will be based on edge detection using own algorithms, which will ensure 

accurate and fast detection of the rolled material before entering the rolling mill. The feasibility study shows 

that automation of the process can significantly reduce the risk of the human factor. In addition, it leads to 

effective control and management of corporate resources and restrictions on work in dangerous areas. 
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Abstract 

Due to their higher weight-specific and high-temperature strength, iron-aluminium alloys have a high potential 

to replace steel in various applications. The good availability of the two materials, the excellent recyclability, 

lower density with increasing aluminium content and the high corrosion resistance in sulphide- and sulphur-

rich environments are further advantages. However, with increasing aluminium content, ductility of FeAl alloys 

decreases due to hydrogen embrittlement at room temperature. As a result, iron-aluminium alloys have been 

excluded from potential applications, particularly structural ones. Investigations on powder metallurgical 

produced iron-aluminium alloys show that fine-grained microstructures can lead to significant improvement in 

ductility. Assuming equal grain diameters, higher toughness is expected in case of metallurgical ingot 

production followed by hot forming. The present work deals with the mechanical properties of fine-grained 

microstructure in iron-rich iron-aluminium alloys, pre-processed through Equal Channel Angular Pressing. In 

order to characterize the mechanical properties, compression tests with the alloys Fe9Al, Fe28Al and Fe38Al 

are carried out at different temperatures. The flow curves determined are then compared with those from as-

cast state. In addition, deformation capacity is examined optically on slopes of external cracks. In conclusion, 

the results are discussed based on the microstructure.  

Keywords: Iron-aluminium alloys, Microstructure, Equal Channel Angular Pressing (ECAP), Hot forming; 

Flow stress 

1. INTRODUCTION 

Due to their corrosion resistance in oxygen- and sulphur-containing environments, their high melting point and 

specific strength iron-aluminium alloys (Fe-Al alloys) are used, for example, as high temperature materials in 

the aerospace industry [1]. Depending on the composition, iron-aluminium alloys are also used for other 

industrial applications, e.g. brake disks for windmills and trucks, filter systems in refineries and fossil power 

plants, transfer rollers for hot-rolled steel strips as well as ethylene crackers and air baffles to burn high-sulphur 

coal [2-3]. Fe-Al alloys are categorised as the intermetallic compounds of the two elements aluminium and 

iron. This type of compound features completely different properties compared to its pure metallic alloy 

components. Depending on mixing ratio and temperature, the iron-aluminium alloys can exist in three essential 

intermetallic phases FeAl (α), FeAl (β’) and Fe3Al (β’) on the iron-rich side [4-6]. Due to their low price, the 

good availability and recyclability of iron and aluminium, Fe-Al alloys are also interesting for industrial use from 

an economic point of view [4]. Iron-aluminium alloys have however long been neglected in structural 

applications due to the very low ductility at room temperature caused by hydrogen embrittlement in humid 

environments and because of the rapid drop in strength when increasing temperatures above 600 °C [5]. 
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With an increasing aluminium content, the fracture behaviour of iron-rich Fe-Al alloys changes from ductile to 

brittle at approx. 12 at.%-Al, when the trans-crystalline fracture occurs. The reason for the trans-crystalline 

fracture of Fe-Al alloys is hydrogen embrittlement [7]. The decreasing ductility with increasing aluminium 

content is an exclusion criterion for the large-scale use of Fe-Al alloys. Several studies deal with the increase 

in ductility and creep strength by alloying with chromium, molybdenum and other additives. As a result, 

elongations of up to 7 % could be achieved for the Fe3Al-phase of Fe-Al alloys, but this value is still below the 

required 10 % to make it suitable for structural component production [5,6].  

Grain refinement is one of the few strengthening mechanisms that favours both strength and ductility on a 

micrometre scale [9]. Hall et al. demonstrated that a decreasing grain diameter of a metal structure causes an 

increase in yield strength and established the Hall-Petch equation [10,11]. Grain refinement also increases the 

grain boundaries. It is assumed that the interaction of the grain boundary atoms contributes to the ductility of 

metals [9]. In addition, studies have shown that grain boundaries are an obstacle to the movement of hydrogen, 

which could reduce the danger of brittle fracture due to hydrogen embrittlement of Fe-Al alloys [12]. 

Morris et al. summarized research results on the influence of grain size on the ductility of binary Fe-Al alloys 

produced by powder metallurgy [9]. As the grain diameter decreases, the ductility increases exponentially. In 

this way, elongations of up to 7 % could be achieved. 

In contrast to the ultra-fine-grained structure produced by Morris et al. [9] this work deals with the generation 

of a fine-grained structure by means of hot bulk forming using the Equal Channel Angular Pressing (ECAP) 

process. For this purpose, the results of previous works were taken into account, where Fe-Al alloys were 

examined for their mechanical properties in the as-cast state [13], then for forming behaviour [14,15] and finally 

the mechanical properties after forming in hot forging and hot impact extrusion [16,17]. The toughness of 

components made by powder metallurgy is generally lower than that of components produced by casting and 

forming due to the increased porosity caused by the manufacturing process. As a result, an improved 

elongation from the casting and forming of ultra-fine-grained Fe-Al alloys can be expected. 

In previous works, the microstructures of the three alloys Fe9Al, Fe28Al, and Fe38Al in the as-cast state [17] 

and after an ECAP forming were examined [18]. In all three alloys, a grain refinement and homogenization of 

the structure could be observed after forming compared to the as-cast state. This study deals with the results 

of the mechanical investigations after ECAP in flow curves and the material’s deformation capacity. These 

results are then compared with those from the as-cast state and discussed.  

2. MATERIALS AND METHODS 

In order to test the properties in forming behaviour tests, samples with the nominal compositions Fe9Al, Fe28Al 

and Fe38Al (at.%-Al) were selected to represent the three iron-rich phases A2, B2 and D03. These binary iron-

aluminium alloys were cast to ingots (140 mm x 140 mm x 500 mm) and then wire-cut lengthwise to 20 mm 

flat samples using wire electrical discharge machining (EDM). Subsequently, incremental hot forming was 

performed to reduce the grain size without cracking and to eliminate possible casting defects such as internal 

pores. According to Huskic [17], Fe9Al was shaped at 1250 °C, Fe28Al at 1150 °C and Fe38Al at 1100 °C with 

a punch speed of 30 mm/s. Afterwards, the samples were heat treated at 750 °C in order to homogenize the 

microstructure and increase the deformability of the forged specimens. Sikka et al. [5] showed that a maximum 

increase in ductility of approx. 15 to 20 % in Fe3Al alloys with an Al content of 28 at.%-Al can be achieved 

after a thermo-mechanical process and a heat treatment of one hour at temperatures of 750 °C. Huskic's [17] 

heat treatment at the same temperature gave similar results for the three examined alloys. In the process, 

most of the formed grains recrystallized, which led to a grain refinement in comparison to the cast structure 

and an improvement in the deformability. The holding times determined by Huskic [17] (1 hour for Fe28Al and 

Fe38Al; 2 hours for Fe9Al) were used for the heat treatment. After incremental hot forming and heat treatment, 
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the samples were wire-cut by means of wire EDM from a blank geometry of 40x40x240 mm to the required 

ECAP sample size of 14 mm x 14 mm x 75 mm.  

The samples and the ECAP tool were heated to 1100 °C for 15 minutes (samples) and 45 minutes (tool) in a 

chamber furnace. To avoid premature cooling of the samples, they were placed in the preheated ECAP tool 

and heated together in the chamber furnace. Afterwards tool and sample were transferred into the press and 

formed with a constant punch speed of 5 mm/s. The angle Φ of the ECAP die was 120°, which corresponds 

to a true plastic strain of φ = 0.7 in the sample. After forming, the samples were cooled to room temperature 

in still air and then heat-treated at same parameters as after incremental hot forming (Fe28Al/Fe38Al for 1 

hour and Fe9Al for 2 hours at 750 °C). The exact test implementation and tool structure of the ECAP process 

is described in [18]. 

3. RESULTS 

3.1. Fe9Al 

Figure 1 shows the results of the flow curves of cast and ECAP formed Fe9Al samples. It can be seen that 

the flow curves at all temperatures and strain rates are higher in the ECAP-formed samples than in as-cast 

state. The lower the temperature, the higher the difference between the two states. The largest increase in the 

flow curves of ECAP formed Fe9Al can be observed at 700 °C, a strain rate of 10 s-1 and a true plastic strain 

of φ = 0.7 where the flow stress has doubled from 250 MPa to 500 MPa. The flow stress of the ECAP formed 

Fe9Al alloys is already well above the flow stress of the cast Fe9Al alloys at the beginning of the forming 

process. 

 

Figure 1 Comparison of the flow curves between casted [17] and ECAP formed Fe9Al upsetting samples at 

different temperatures, forming states and strain rates of ¬  = 1 s-1 (left) and ¬  = 10 s-1 (right) 

3.2. Fe28Al 

Figure 2 shows the results of the flow curves of Fe28Al. Except at 800 °C and the strain rate of 10 s-1, all 

samples start in a similar stress range, regardless of the state. At a true plastic strain higher than φ = 0.1, the 

flow stress of the ECAP formed samples does exceed the flow stress of the samples in the as-cast state. At 

the beginning of the forming process, stress peaks can be observed in both material states.  

In the as-cast state at 700 °C and a strain rates of 10 s-1, fracture has occurred, which indicates a lower 

deformability. The flow stresses for Fe28Al are generally higher compared to Fe9Al, since the Fe28Al alloy 

has a higher strength. 
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Figure 2 Comparison of the flow curves between casted [17] and ECAP formed Fe28Al upsetting samples at 

different temperatures, forming states and strain rates of ¬  = 1 s-1 (left) and ¬  = 10 s-1 (right) 

3.3. Fe38Al 

The Fe38Al alloy showed the highest flow stresses of all three alloys, since a higher aluminium content leads 

to higher strength. However, as this also reduces the deformation capacity, the temperature was adjusted 

accordingly, so that a range from 800 °C to 1000 °C was investigated. As seen in Figure 3, the Fe38Al samples 

from the ECAP process also have a higher flow stress than those in the as-cast state. The clearest difference 

is shown by results at 800 °C and a strain rate of 1 s-1. Here, the flow stress of approx. 350 MPa in the as-cast 

state is significantly lower than the 700 MPa of the ECAP formed samples. At the strain rate of 10 s-1, as with 

Fe28Al, an improvement in the deformation capacity of ECAP formed samples compared to the samples in 

the as-cast state can be observed. At 900 °C a fracture occurs in the sample in the as-cast state, whereas the 

ECAP formed sample can be formed over the full path. Only at 800 °C the ECAP sample fails with a similar 

true plastic strainlike the sample in as-cast state. 

 

Figure 3 Comparison of the flow curves between casted [17] and ECAP formed Fe38Al upsetting samples at 

different temperature, forming state and strain rates of ¬  = 1 s-1 (left) and ¬  = 10 s-1 (right) 

4. DISCUSSION 

Regardless of the alloy, all samples formed using ECAP show a higher flow stress than the as-cast samples. 

Figure 4 shows the microstructure of the three alloys in the as-cast state and reshaped after the ECAP forming. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

203 

The mean grain diameter in the as-cast state is over 2 mm for all three alloys. In contrast, the mean grain 

diameter of the ECAP formed samples is significantly smaller (average grain size of Fe9Al approx. 0.5 mm, 

Fe28Al approx. 0.4 mm and Fe38Al approx. 0.3 mm). 

 

Figure 4 Microstructure of the casted samples [17] (top) and ECAP formed samples (bottom) of the alloys 

Fe9Al, Fe28Al and Fe38Al 

Since the dislocations in smaller grains accumulate faster at the grain boundaries, the strength of the ECAP 

formed grains increases significantly compared to the as-cast samples. Huskic [17] justifies the partial 

decrease in the flow stress of the upset samples from the casting in his work through the interaction of dynamic 

recrystallization and hardening by dislocations. The hardening mechanism in the case of smaller grain sizes 

seems to be more pronounced in the ECAP formed upset samples, which increases the flow stress. 

In the case of the Fe28Al and Fe38Al samples, the higher strain rate resulted in fracture formation. Firstly, the 

Fe38Al sample failed at 900 °C (as-cast condition), the Fe28Al sample failed at 700 °C (as-cast state). In 

addition to the improved flow stress of the two alloys, the higher deformation capacity is particularly noteworthy. 

The ECAP formed Fe28Al sample at 700 °C and high forming speed as well as the Fe38Al sample at 900 °C 

could be reshaped completely and without cracking compared to the as-cast sample. It can be assumed that 

the enlargement of the grain boundaries due grain size refinement leads to an increase in the grain boundary 

bond. 

5. CONCLUSION 

This work shows that the microstructure refinement of iron-aluminium alloys through the ECAP process leads 

to an increase of flow stress and deformation capacity. The 4 to 6 times smaller grain diameters as the cast of 

the three alloys Fe9Al, Fe28Al and Fe38Al achieve a doubling of the flow stress compared to the cast state. 

In addition, due to the grain refinement, the enlargement of the grain boundaries of the two brittle alloys Fe28Al 

and Fe38Al have apparently led to an improvement in the grain boundary bond. The critical forming 

temperature that leads to fracture was lowered in the upsetting tests. The results demonstrate a significant 

potential to broaden the application spectrum for FeAl alloys through ECAP processing. 
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Abstract 

The use of hybrid semi-finished products made of aluminium and steel enables the production of components 

with locally adapted properties, i.e. high strength and wear-resistance with reduced weight. In the scope of this 

work, different impact extrusion processes for the forming of friction-welded hybrid semi-finished products 

consisting of steel (20MnCr5) and aluminium (EN AW-6082) were developed and experimentally implemented. 

The resulting material flows were intended to enable different joining zone geometries as well as to evaluate 

the influence of a thermo-mechanical treatment during the impact extrusion process on the quality of the joining 

zone. For this purpose, a full-forward extrusion, cup-backward extrusion, combined cup-backward-full-forward 

extrusion and a hollow-forward extrusion process were investigated. The evaluation of the resulting component 

quality was carried out based on metallographic images, which provide microstructural information about the 

forming-related influence on the friction welded joining zone. Based on the characteristic values determined, 

a correlation between the reproducibility and quality of the joining zone properties and the type of impact 

extrusion process is deduced. The backward extrusion processes have proven to be the best processes in 

terms of influencing the joining zone geometry. Further, the effect of forward extrusion showed no significant 

influence on the joining zone geometry, even resulting in a reduction of the joining zone formation in the 

combined cup-backward-full-forward extrusion process.  

Keywords: Multi material components, friction welding, impact extrusion, joining zone properties, tailored 

forming 

1. INTRODUCTION 

Lightweight construction is playing an increasingly central role in terms of environmental protection and the 

associated difficulties in reducing global CO2 emissions. It is a key technology for energy saving, as well as for 

driving comfort or safety within the automotive industry. With the help of multi-material concepts, it is possible 

to create load-adapted components, in which areas are functionally subdivided. This can save weight and 

minimise harmful emissions. In the case of electric vehicles, the driving range can be enhanced due to the 

improved efficiency resulting from the lower weight [1]. A promising innovative process chain to meet the 

increasing requirements is the tailored forming approach. Whereas in the conventional process, joining takes 

place after forming, in tailored forming a joint is first created using a suitable process such as friction welding, 

which is then influenced and enhanced by forming. Therefore, in the following investigations, the suitability of 

various impact extrusion processes is examined in order to gain a better understanding of the influencing 

factors for the improvement of the component qualities. 
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2. STATE OF THE ART 

In sheet metal forming, pre-assembled semi-finished products are already in use in the form of tailored 

blanks [2]. With regard to bulk forming, the process chain still needs to be developed in order to fully utilise the 

potential of pre-assembled hybrid components. Processes that are suitable for joining dissimilar bulk materials 

exist in different forms. One approach is the direct joining of two semi-finished products by impact extrusion, 

in which the specimens are formed together without prior bonding. Liewald et al. investigated form-fitting 

backwards can extrusion of C15 and EN AW-1050. It was possible to create an axial bond between the different 

materials, where a clear friction dependency could not be observed [3]. Groche et al. studied the welding 

process of steel and aluminium by cold extrusion [4]. It was shown that, in addition to the heat treatment, the 

surface condition plays a major role in the creation of a strong bond. In literature, mainly extrusion at room 

temperature for hybrid parts has been investigated. As an extension to cold extrusion, hot extrusion was 

experimentally investigated in the study by Wohletz et al. [5]. The heating enables the equalisation of the 

different yield stresses of steel and aluminium. The temperature influence and the resulting changed material 

flow on the joining zone was observed by varying the workpiece temperature. Despite relatively high 

deviations, the bond strength remains equal or even increases at higher temperatures in comparison to cold 

forming. The best results achieved were at 600 °C for the steel side and 200 °C for the aluminium side. 

There are various possibilities for pre-assembling work pieces prior to forming. Many material combinations 

are not suitable for conventional welding due to their different melting temperatures. Therefore a potential 

joining process for hybrid components can be friction welding, in which a stationary and rotating component 

are joined together below the melting temperature through relative motion and pressure. The friction itself 

generates heat, which leads to recrystallization. Combined with the applied high local plastic strain, fine-

grained microstructures occur in the joining zone [6]. However, when different materials are joined, intermetallic 

phases may emerge. Due to their brittleness, intermetallic phases above a certain thickness have a negative 

effect on the joining zone, which is why attention must be paid with regard to hybrid compounds. Ideally, the 

creation of an intermetallic layer should be suppressed, as their formation primarily results in a reduction of 

the bond strength [7]. 

So far, relatively low emphasis has been placed on joining and subsequent hot forming of bulk metal 

components. Tekkaya et al. investigated the process route of joined and formed steel-reinforced aluminium 

profiles resulting in good bond strengths [8]. Similar to this, Foydl et al. developed a hot compound-extrusion 

process, in which steel reinforcements are inserted into aluminium billets to create strengthened 

components [9]. However, the reinforcing steel elements used are comparatively small and do not serve as a 

fully separate functional areas. Therefore, only the effect of particle reinforcement is studied, which is why 

further investigations on bulk parts are necessary. Domblesky et al. investigated the feasibility of bi-metallic 

friction-welded preforms and demonstrated good workability and potential for use in bulk forming applications 

based on open die forging using material combinations as aluminium and copper or steel and copper [10]. 

In contrast to this, a more challenging joining of a hybrid material pairing is considered in this work. While 

previous numerous investigators primarily studied the cold extrusion of hybrid semi-finished specimen or hot 

extrusion without prior bonding, the following paper deals with hot extrusion of hybrid parts including steel 

(20MnCr5) and aluminium (EN AW-6082). In previous work, mainly the full forward extrusion process 

of steel/aluminium at room temperature has been studied.  

By considering different impact extrusion processes (full-forward extrusion, hollow-forward extrusion, cup-

backward extrusion, combined cup-backward-full-forward extrusion) for friction welded hybrid semi-finished 

specimen, the direction of material flow as well as the initial geometry are varied. Therefore, possible 

differences can be observed with regard to the influence on the joining zone geometry.  
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3. TAILORED FORMING PROCESS CHAIN 

In the first step, two cylindrical work pieces with a diameter of 40 mm are joined in a serial arrangement by 

friction welding, see Figure 1a. This is followed by hot impact extrusion, in which the specimens are first heated 

inductively, see Figure 1b. After heating, the work piece is automatically placed in the extrusion die with the 

help of a robotic gripper and is then formed by the force of the extrusion punch. Afterwards, the sample is 

pushed out by the ejector and then removed manually. The specimen is quenched in water, first on the initially 

heated steel side and then on the aluminium side, before being completely inserted into the quenching bath. 

The heat input in the steel is significantly higher, which is why it is cooled down first. Four different extrusion 

processes are used in this study, which differ in terms of their material flow direction (forward, backward) and/or 

their geometry (full, cup, hollow). The presented process chain varies in terms of different tool systems and 

the resulting final geometries of the extruded specimen after the impact extrusion step in Figure 1c including 

either full-forward extrusion (FFE), hollow-forward extrusion (HFE), cup-backward extrusion (CBE) and 

combined cup-backward-full-forward extrusion (CBFFE). 

 

Figure 1 Tailored forming process chain 

a) friction welding b) inductive heating c) impact extrusion including full-forward extrusion (FFE), hollow-

forward extrusion (HFE), cup-backward extrusion (CBE), cup-backward-full-forward extrusion (CBFFE) 

3.1. Friction welding 

The semi-finished products made of steel (20MnCr5) and aluminium (EN AW-6082) are first friction welded in 

a serial arrangement using the parameters shown in Table 1. Preparatory measures before friction welding 

include machining and cleaning of the welding surface, eliminating negative influencing factors such as dirt or 

major surface roughness, especially on the steel side [11]. With the selected parameters, only the aluminium 

deforms due to its low strength. Possible impurities on the aluminium side are swept outwards, so that the 

surface condition of the aluminium does not play a significant role compared to the steel side [12]. After friction 

welding, the welding flash is removed by turning. Furthermore, the specimens are shortened to the appropriate 

length of 100 mm for full forward extrusion and 70 mm for the other processes used. 

Table 1 Parameters used for friction welding 

3.2. Induction heating and impact extrusion 

The heating of the hybrid component is necessary to equalise the diverging flow stresses of the dissimilar 

materials. For this purpose, the steel side is heated to approx. 900 °C with the help of an inductive coil, while 

the aluminium remains outside and is not exposed to direct inductive heating, see Figure 1b. Heating is carried 

out using a 40 kW mid-frequency generator (TRUMPF TruHeat MF3040) with a frequency range from 5 kHz 

Billet diameter 
(mm) 

Relative friction path 
(mm) 

Frictional force 
(kN) 

Press force 
(kN) 

Press time 
(s) 

40 4 150 251 2 
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to 30 kHz. The induction coil consists of eleven rectangular windings, which generate a magnetic field to heat 

up the specimen inside the coil. An exemplary temperature curve is shown in Figure 2. 

After heating, the sample is automatically extracted by the robot gripper. The transfer time from the induction 

coil to the extrusion die is 5 s. After insertion, the punch moves down and forms the hybrid sample depending 

on the process through the particular active tool elements seen in Figure 1c. All extrusion processes were 

carried out using a LASCO type SPR 500 screw press with 280 mm s-1 impact velocity. After extrusion and 

subsequent quenching in water, the samples were cut lengthwise and examined metallographically using 

etching according to Kroll (3 ml HF + 6 ml HNO3 + 100 ml H2O). This enables a characterisation of the joining 

zone with regard to the geometric formation as well as potential defects that occur after extrusion. 

 

Figure 2 Inductive heating 

a) qualitative heating curve of the hybrid specimen, b) location of the thermocouples (TC) 

4. RESULTS AND DISCUSSION 

Metallurgical images of the different impact extruded cross-sectioned samples are shown in Figure 3 and 

Figure 4.  

 

Figure 3 Metallographic images of a friction-welded specimen after 

a) full-forward extrusion, b) hollow-forward extrusion, (1) centre region near the blank, (2) edge area 
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After full-forward extrusion, a plane joint zone can be seen, which, apart from marginal wave-like areas, does 

not have any distinctive points, see Figure 3a. In the middle (1) there are flaws which indicate an insufficient 

bond, whereas in the edge area (2) a sound bonding has been created. The centre point in the friction welding 

process is characterised by low rotational speeds and is therefore generally defined as a weak point [12]. Since 

there is no central material flow on the steel side in the extrusion process, no surface enlargement occurs. 

Therefore, the centre is not affected by forming. A possible reason for the lack of change in geometry could 

be a low yield stress of the aluminium due to the temperature influence from the heated steel side during the 

heating and the transfer period to the extrusion die, see Figure 2. This results in a favoured material flow on 

the aluminium side due to the large difference in the yield stresses and the ratio of deformation resistances 

between steel and aluminium. The steel acts as a full punch and mainly deforms at the extrusion shoulder. In 

Figure 3b a specimen after hollow-forward extrusion is shown, with the inner diameter on the left of the image 

section and the outer shell on the right. Due to the large clearance fit of the inner blank diameter an unguided 

material flow leads to a delamination in the left joining zone area (1). Due to the different friction conditions 

between the rod and the inner hole of the specimen as well as between the die wall and the outer specimen 

surface, an outwardly curved joining zone is formed, which indicates higher friction on the die wall than on the 

rod. In the outer area of the hollow profile (2), a good bond can be seen in the close-ups due to a guided 

material flow and the higher rotational speeds from the friction welding process leading to better initial bonding 

in outer areas [11]. 

In both cup-backward extrusion (see Figure 4a) and the combined cup-backward-full-forward extrusion 

process (see Figure 4b), the joining zone geometry is significantly influenced and has a spherical curvature 

after forming, which correlates with surface enlargement. This enables brittle intermetallic phases to be thinned 

out and thus potentially increase the surface of metallic contact between steel and aluminium for a better bond. 

In the comparison of both processes, a reduced distortion of the joining zone can be observed in the combined 

process due to the additional forward-moving material flow. In contrast to forward extrusion, a defect free joint 

could be created in the centre as well as at the edge.  

 

Figure 4 Metallographic images of a friction-welded specimen after: a) cup-backward extrusion, b) combined 

cup-backward-full-forward extrusion, (1) centre region, (2) edge area 

In the extrusion processes analysed, a geometric change of the joining zone could only be achieved through 

a deformation induced by the punch. In the absence of material flow against the punch direction (z-direction), 

the steel does not deform, which is why only marginal geometric changes were achieved in the forward 

extrusion processes. 
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5. CONCLUSION AND OUTLOOK 

By using different extrusion processes, it is possible to influence the joining zone geometry of steel/aluminium 

hybrid components to different degrees. In full forward extrusion, the joining zone is only marginally effected 

by the forming operation. The reason for this is the high yield stress difference between steel and aluminium 

resulting from the low temperature gradient caused by the conductive heating of the aluminium side after local 

induction heating during transfer and forming. Hence, the material flow mainly takes place in the aluminium as 

long as the steel is not deformed by the punch itself, as it is in the case of the cup extrusion processes. A 

surface enlargement in the joining zone area, which could potentially thin out intermetallic phases, therefore 

only occur in backward extrusion processes. This statement has yet to be validated and can be verified with 

the help of mechanical tensile tests and SEM images in future investigations.  
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Abstract 

This work deals with the study of structure and physical properties of 316 L austenitic stainless steel prepared 

by additive manufacturing and subsequently processed by the technology of rotary swaging. The semi-finished 

products were printed on a Renishaw 3D printing machine using the SLM (Selective Laser Melting) method, 

during which the metal powder is gradually sintered via cladding of individual layers using a powerful laser. 

Subsequently, room temperature rotary swaging was applied to enhance the structure and properties of the 

SLM-manufactured semi-product. The structural analyses showed that the swaging process imparted 

significant refinement of the average grain size, which decreased down to approx. 1.3 µm (measured as the 

maximum feret diameter). As regards the physical properties, the density of the as-printed, as well as swaged, 

samples was measured using a pycnometer. As a result of forming, better material properties, such as 

increased density and improved hardness, were achieved. To confirm the advantages of the proposed 

approach consisting of a combination of 3D printing and deformation processing, all the results were compared 

with those acquired for an identical stainless steel prepared by conventional casting. 

Keywords: 316L stainless steel, additive manufacturing (SLM), rotary swaging, density, microstructure 

1. INTRODUCTION  

Additive manufacturing (AM), or 3D printing, is among the alternative production methods that revolutionized 

the world of manufacturing. Additive processes are based on constructing three-dimensional parts by adding 

thin layers of material controlled by a digital CAD model [1]. During the selective laser melting (SLM) 

manufacturing process, a thin layer of powder is first applied to the substrate plate. Then the laser beam sinters 

the powder by which the connection to the base layer is created [2]. Despite many advantages of AM, including 

the ability to create complex geometries and functional prints and rapid production, problems arise especially 

when designing productions of small series of components. These problems include size limitations, surface 

roughness, low accuracy, and internal defects [1,3].  

AM technologies can advantageously be combined with technologies of plastic deformation to improve the 

properties of the printed materials. Severe plastic deformation (SPD) methods can be used to homogenize the 

structures and eliminate residual porosity [4-6]. Nevertheless, SPD methods are limited to bulk samples with 

limited dimensions. On the other hand, rotary swaging (RS) is a process of intense plastic deformation, which 

is suitable for processing of large and long bulk workpieces [7,8]. During RS, the cross-sections of workpieces 

are gradually reduced, and their lengths increase [9]. The prevailing shear deformation mechanism is also 

favourable, as it supports elimination of residual porosity and structure refinement [10,11]. By combining the 

technologies of 3D printing and rotary swaging, improved mechanical properties can be achieved [12].  
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Stainless steel contains min. 12 wt% of Cr and typically consists of the austenitic phase. AISI 316L steel is one 

of the mostly used stainless steels due to its high strength, high corrosion resistance, and good formability. 

Therefore, this steel has various applications in the gas, automotive, and nuclear industries [13]. The aim of 

this work is to compare the structures and physical properties of AISI 316L stainless steel after printing and 
subsequent processing via cold rotary swaging. The results are compared with those acquired for an identical 

stainless steel prepared in a conventional manner. 

2. MATERIAL AND METHOD 

The semi-finished product for the experiment depicted in Figure 1 was printed by the (SLM) method from 316L 

stainless steel powder (DIN 1.4404) on Renishaw AM400 3D printer. A blank in the shape of a cylinder with a 

height of 60 mm and a diameter of 25 mm was printed in the vertical direction from left to right using the 

meander printing strategy. The powder was melted by a 200 W laser, where each layer of new powder had a 

thickness of 50 μm. The printing took place in an inert atmosphere provided by argon gas with a gas purity of 

99.998 %. The particle size of the powder was in the range of 15-45 µm. The chemical composition of the 

powder is given in Table 1.  

Table 1 The chemical composition of the stainless-steel powders (wt%) 

C Si Mn P S N Cr Mo Ni 

< 0.03 1.00 2.00 0.045 0.030 0.11 16-18 2.0-3.0 10-14 

 Figure 1 The semi-finished product prepared by (SLM) 

 

Figure 2 The bar processed by cold rotary swaging 

The cold rotary swaging technology was chosen for the processing of the (SLM) semi-finished product from 

the original diameter of 25 to the final diameter of 10 mm. After rotary swaging, the rod (see Figure 2) was 

subjected to scanning electron microscopy (SEM) and specific gravity and hardness measurements. Structure 

observations were made using Tescan Lyra 3 FIB/SEM microscope at with the scanning step of 0.1 µm. 

Samples for microstructural analyses were manually ground on SiC papers and subsequently electropolished. 

Density was measured by the pycnometric method on samples with the size of 1x0.5 mm. Vickers hardness 

was measured on a ZwickRoell instrument. The hardness was measured on cross-sectional samples in the 

transverse direction with the load of 1000 g (HV 1), the indents were acquired with a distance of 1 mm from 
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each other. From these results, the average hardness was further calculated. This study presents the 

comparison of the results acquired for four individual material states marked as follows: 3D printed steel (AP), 

conventionally produced steel (CP), 3D printed after rotary swaging (APS), and conventionally prepared and 

processed by rotary swaging (CPS). 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

The microstructures for all the investigated states are presented in (Figures 3a to 3d). The average grain size 

(measured as the maximum feret diameter in μm) within the (AP) sample (Figure 3a) is 23.1 μm. The 

microstructure of the conveniently cast steel in the (Figure 3b) consists of smaller grains with the average size 

of 6.5 µm. In Figures 3c and 3d are presented the microstructures of the steels processed by rotary swaging. 

After swaging, the average grain size is less than 2 µm. However, the microstructures of both the steels 

prepared by 3D printing and conventionally produced also contain several larger grains. Nevertheless, the 

relatively large fraction of low angle grain boundaries points to high development of substructure within these 

larger grains (see Figure 3c). The average grain size within the (APS) sample (Figure 3c) is 1.3 μm. Also 

microstructure of the conveniently cast steel after rotary swaging (CPS) in the figure (Figure 3d) consists of 

smaller grains with the average size 1.5 μm. Due to the large plastic deformation caused by the technology of 

rotary swaging, the grains were significantly refined. 

  
a) After printing (AP) b) Conventionally produced (CP) 

  
c) Printed steel after rotary swaging (APS) d) Conventionally steel after rotary swaging (CPS) 

Figure 3 Overview of microstructure for all processing methods  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

214 

3.2. Density 

The results of density measurements for all the examined samples are shown in Figure 4 The first column 

depicts the average density for the (AP sample) - the measured value was 7.8405 g/cm3. A higher density of 

7.9854 g/cm3 was measured for the conventionally produced steel (CP sample). After rotary swaging, the 

density increased to 7.9545 g/cm3 (APS sample), and to 8.0224 g/cm3 for the (CPS sample). As can be seen 

from the graph, the density increased due to the large plastic deformation imparted by the rotary swaging for 

both the material states, the as printed and conventionally cast.  

 

Figure 4 Results of average density measurements for investigated samples 

3.3. Hardness 

The average hardness from the individual states is presented Figure 5. The measured average hardness for 

the (AP) sample is 214 HV. The hardness measured for the (CP) steel sample shows comparable average HV 

value, i.e. 217 HV. In the case of the (APS) sample, the material was greatly strengthened and thus its HV 

increased to the value of 355 HV. Finally, the (CPS) sample exhibited the highest average microhardness 

of 358 HV. These results confirm the positive influence of the rotary swaging process on both the types 

of materials, i.e. as-printed as well as as-cast.  

 

Figure 5 Measured average hardness results for all processing states 
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4. CONCLUSION 

This work dealt with the observation of microstructures and physical properties of AISI 316L steel after 3D 
printing and subsequent processing via the cold rotary swaging technology. The data was further compared 
with experimental data acquired from conventionally cast and cold swaged AISI 316L bar. The results showed 
that the mechanical properties of the material improved significantly as the result of the cold rotary swaging. 
The microscopic analyses showed that, due to the large, imposed plastic deformation, the average grain size 
refined significantly from 23.1 μm (AP) to 1.3 μm (APS). From the density measurement results, it was found 
that the density after printing was 7.8405 g/cm3. The cold rotary swaging then reduced the porosity and resulted 
in an increase in density to 7.9545 g/cm3. Similar trend was observed also for the as-cast steel, the density of 
which increased from 7.9854 g/cm3 to 8.0824 g/cm3 after swaging. The positive influence of swaging was 
confirmed by the measurement of hardness, which documented improvement in the mechanical properties; 
from the original value of 214 HV after printing, the HV1 increased to 355 HV after swaging. Comparable 
increase was again observed for the conventional cast steel. 
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Abstract  

The papers focuses on the formation of cavities in metal samples. The main parts is the results of experimental 

work, which are presented in the form of summarized knowledge about the process of forming cavities. Lead 

plates were used as samples, into which the shapes of punches with apex angles of 60° an 90° were pressed. 

The experimental work was performed using a magnetic shock application. The actually used experimental 

equipment for laboratory work is also presented. The aim of the paper was mainly to verify the possibilities of 

applying a special tool in the formation of cavities in metal samples.  

Keywords: Forming, magnetic shock, experimental equipment, indentation 

1. INTRODUCTION 

For several decades, forming technology has occupied a leading position in engineering technology 

(production), the main advantage of which is the considerable savings of materials, which, in the current 

pressure to green production (in general and worldwide), prove to be very suitable and appropriate. Another 

advantage of forming is its relatively easy automation of processes. The great importance of forming 

technology is also that it allows a substantial increase in labour productivity. However, the application of new 

knowledge to production and the use of the advantages of forming technologies depends on the correct design 

of forming tools. It should be noted that for a long time, ways have been sought that would be able to bring this 

technology into the sphere of piece and small series production. Forming in this case takes place mainly in the 

so-called non-rigid tools, by which are meant such forming tools, the construction of which takes into account 

the use of new solutions based primarily on physical knowledge. This minimizes production costs and shortens 

production preparation time. The very way of the presented sphere belongs to the spectrum of unconventional 

technological processes of forming. The necessary knowledge is given in the contribution [1] and monograph 

[2]. 

2. THE POSITION OF MAGNETIC FORMING IN THE WORLD 

When creating the theoretical part of the paper, I used several stimulating papers in the field of magnetic 

forming, which, however, I cannot analyze in detail due to lack of space. The most important sources are listed 

in the bibliography. This concerns in particular the shaping of the sheet by means of a magnetic field, as well 

as the possibility of creating hemispherical cavities in metal samples [1]. In his monograph [2] he pointed out 

the shaping of sheet metal in various conditions and in an open magnetic field.  

The selection of contributions and publications can be done strictly selectively, which would probably be at the 

expense of the presented area, but it can also be done taking into account not only the contributions in 

magazines, but also book publications. I followed this more comprehensive overview. [3-11]. 

3. DESIGN AND CONSTRUCTION OF EXPERIMENTAL EQUIPMENT 

In Figure 1 is a construction diagram of an experimental apparatus for performing experiments [1]. 
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Figure 1 Scheme of free core magnetic field forming 

3.1. Electrical circuit 

An important part of the experimental equipment is the electrical circuit, where a magnetic field (pulse) is 

created which forms the experimental material. In Figure 2 a circuit consisting of a relay, a source and a switch 

is used. The circuit diagram used in the experiments is shown in Figure 3 and this has proved its worth in the 

research carried out [1,2,12]. 

 

Figure 2 Schematic of magnetic pulse forming 

The circuit used is shown in diagram number 2. Calculations of the movement of the punch (core) in the 

solenoid cavity are described in [12]. 

3.2. Samples 

Lead samples of square shape with dimensions 35x35 mm with a thickness of 7 mm were used as samples. 

The number of samples was seven for each punch. 

4. EXPERIMENTS 

Experimental work was performed on the device itself presented in Figure 3. Two types of punches with apex 

angles of 60° and 90° were applied. 

 

Figure 3 Really used equipment in experimental free core forming 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

218 

4.1. Experimental results 

The results obtained in the experiments with the application of the free core (punch) show that such a shaping 

method is suitable for several reasons. The first is the speed of the process, when the work itself is a period 

of time expressed in hundreds of seconds. In this case it is 0.03 s. The second advantage is from the point of 

view of easy automation when using this type of forming. Analysis of the results in Table 1 shows that this is 

a relatively accurate and stable process, as the difference between a maximum value of 1.978 mm and a 

minimum value of 1.718 mm is 0.26 mm at an indentation diameter. The difference between the maximum 

value of 1.638 mm and the minimum value of 1.389 mm is 0.249 mm for the penetration parameter. The values 

can be assessed as balanced and stable. The angle of the cavity is 61.18 ° for all samples. This parameter 

confirms that the magnetic impact forming process is suitable for this type of work. 

Table 1 Experimental results for a  

             60° apex punch     

Sample  
number 

Identation 
diameter  

(mm) 

Penetration  

(mm) 

1 1.718 1.389 

2 1.978 1.606 

3 1.966 1.627 

4 1.852 1.506 

5 1.866 1.576 

6 1.820 1.638 

7 1.780 1.620 

8 1.810 1.546 

9 1.840 1.458 

10 1.855 1.488 
 

 

Figure 4 Graph according to Table 1 

 

Figure 5 Photograph of the sample with apex angle 60° 
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Table 2 Experimental results for a  

             90° apex punch  

Sample 
number 

Identation  
diameter  

(mm) 

Penetration  
(mm) 

1 1.888 0.896 

2 1.984 0.869 

3 1.910 0.898 

4 2.372 1.022 

5 2.130 0.958 

6 1.968 0.928 

7 1.890 0.910 

8 1.955 0.862 

9 1.931 0.890 

10 1.986 0.860 
 

 

Figure 6 Graph according to Table 2 

The analysis of the results from Table 2 also shows in this case that this is a relatively accurate and stable 

process. The difference between the maximum value of 2.3728 mm and the minimum value of 1.888 mm is 

0.484 mm at the indentation diameter. The difference between the maximum value of 1.022 mm and the 

minimum value of 0.860 mm is 0.162 mm for the penetration parameter. The values are balanced and stable. 

The cavity angle is 90.92° for all samples, which confirms that the magnetic impact injection process is also 

suitable at this penetration angle. 

 

Figure 7 Photograph of the sample with apex angle 90° 

Note: The figures in the samples show the radii due to the design of the measuring device, which calculates 

the diameter. he measuring devices used were: a Dino-Lite measuring microscope and a Micro-Hite 600 3J00 

1512 device. 
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5. CONCLUSION 

In the presented paper, attention was focused on the use of magnetic phenomena in the technology of 

production of cavities in metal samples. The objectives of the paper can be assessed as achieved and met. 

The published device ensured the performance of experiments on the formation of cavities in samples. The 

laboratory experimental solution showed the way in which physical knowledge can be conveniently applied in 

industrial production. It has been confirmed that a relatively simple solution with the application of a magnetic 

field will ensure accurate, fast and high-quality formation of cavities in metallic materials. The results obtained 

also confirmed the suitability of this solution for application in the production process. The creation of cavities 

is one of the most important works in the production of e.g. hollow instruments. The implementation of this 

type of work combines several advantages: production speed, accuracy, very good final quality of cavities and 

also good reproducibility of results. The described solution complements and also expands the sphere of 

volume forming. It can be added that working with a free kernel is simple and reliable. The published results 

in the text of the paper will certainly be a good basis for further research work in this area. 
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Abstract  

Tube and tube systems are very critical components to fulfill the design requirement of applications. Especially 

the bending radius is most important factor in a tube bending process. Therefore, as the bend ratio (bending 

radius/outer diameter of tube) and the wall thickness of the tube material decrease, the risk of encountering 

defects such as wrinkles, ovality, wall thinning, and crack increases. Rotary draw bending process is generally 

preferred for bending tubes with a small bend ratio and thin wall thickness. In this process, tools such as bend 

die, clamp die, clamp insert, pressure die, wiper die, and mandrel are used. For the minimum bending radius 

value can be accomplished considering the processes parameters such as material properties and geometry 

of tube, die geometries, position and geometry of mandrel, wiper die angle, pressure value of pressure die and 

bending speed. Bending of different tube materials by trial and error method results manufacturing cost and 

time increases. In this study, effects of mandrel shank positions and the gap values between the mandrel balls 

and the tube on the thinning and the ovality are investigated by commercially available PAM-STAMP program 

for AA6061-W condition material. The results are compared with available results in the literature. 

Keywords: Rotary draw bending, tube bending, tube bending radius, tube bending ratio  

1. INTRODUCTION 

Tube bending processes are somehow complex manufacturing processes. They are more difficult and complex 

than sheet metal bending because it has a tendency to collapse or fold during bending. When tube is bent, 

inner side of the tube wall is subjected to compression stresses, while outer side of the tube wall is subjected 

to tensile stresses [1]. Due to these stresses, defects such as wrinkling, cross section distortion, and crack 

may occur on the tube. These defects are not permitted or permitted within a tight tolerance range in industries 

such as aerospace and automotive. 

Rotary draw bending, compression bending, roll bending, ram and press bending, and stretch bending are 

very common tube bending processes [2]. All these manufacturing methods have advantages and 

disadvantages when they are compared to each other. Rotary draw bending method is generally preferred 

method for bending of thin-walled tubes with tight bending radius. The process enables high-quality products 

with high dimensional accuracy. 

As the tube wall thickness and bending radius decrease in tube bending processes, the probability of errors 

such as wrinkling, ovality, and cracks on the tube increases. In such cases, the use of a mandrel allows a 

much smaller bending radius. In the ASM handbook, for cold drawn annealed steels with an outer diameter of 

50 mm, the minimum bending radius that can be obtained without using a mandrel is 889 mm (for tubes with 

a ratio of outer diameter value to wall thickness less than 30), this value can be reduced to 27 mm with the 

use of mandrels [2]. For tubes whose ratio of outside diameter value to wall thickness is less than 15. 
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There are several critical parameters in the rotary draw bending process that can influence bend quality. Many 

researchers in the literature have examined effects of various parameters on the process analytically, 

numerically, and experimentally [3-11]. Safdarian and Kord [3], investigated the effects of mandrel diameter, 

mandrel position, and pressure of pressure die on the thinning and ovality of the bent tube experimentally. 

Cheng et al. [4] investigated the effects of process parameters on wall thinning and cross section distortion for 

AA5052-O tube. Mandrel extension length and mandrel ball diameter parameters are the focus parameters 

examined in this study. Heng et al. [5] investigated effects of mandrel diameter, mandrel extension length, and 

ball numbers on bending with finite element analysis. Masoumi et al. [6] investigated the effects of mandrel on 

rotary draw bending method. 

Correct determination of the mandrel position and geometry is one of the most important issue in thin-walled 

and small bend radius bends. In this study, the effects of mandrel extension length and mandrel ball diameter 

values on wall thinning and cross section distortion were investigated by PAM-STAMP analysis program for 

AA6061-W tube material with 50.8 mm outer diameter and 1.6 mm wall thickness. The centerline bending 

radius was selected as 152.4 mm. 

2. FEM SIMULATION 

The process was simulated by PAM-STAMP program to bend a tube to centerline bending radius of 152.4 

mm. The tube bend angle was determined as 90 degrees. Details of the finite element model are shown in 

Figure 1. 

 

Figure 1 Simulation of rotary draw tube bending 

5 different mandrel positions and 4 different mandrel ball diameters were used, and other parameters were 

kept constant in order to determine effects of mandrel positions and diameters. Table 1 summarizes the 

constant die parameters. 

Table 1 Constant die parameters 

Constant die parameters Value (mm) 

Length of clamp dies  150 

Length of pressure die 300 

Length of wiper die 300 

Bend die radius 152.4  

The dies used in the bending process were selected as rigid objects and movement capabilities were assigned 

in the required directions. In the bending process, pressure die modeled stationary. The force exerted by the 

pressure die on the tube has been chosen at a negligible level. The force exerted by the clamp die on the tube 

was chosen as 80,000 N. Mandrel and mandrel balls and bend die and clamp die were defined as multibody 

system. The friction coefficients used in different interfaces are seen in Table 2. 
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Table 2 Friction values at interfaces 

Contact interface Value  

Tube - pressure die 0.1 

Tube - wiper die 0.1 

Tube - bend die 0.1 

Tube - clamp dies 0.5 

Tube - mandrel  0.1 

In the analysis, 30,15, 0, -15 and -30 values were used as variables as the mandrel position. These positions 

are the position of the mandrel shank tip relative to the bend tangent line. For example, a value of 30 means 

that the mandrel shank moves 30 mm forward in the direction of the bend region. Figure 2 illustrates mandrel 

shank position. 

 

Figure 2 Mandrel shank positions 

During the analysis, different mandrel ball diameter values were used as the second variable. Diameter of the 

mandrel ball was determined by entering the gap values of 0.2, 0.5, 1.5, and 3 between the mandrel ball and 

the tube in the analysis program. The specified values refer to the gap value between the mandrel ball and the 

tube. Other parameters about mandrel were kept constant during the bending. 

In order to examine the material behavior, the coefficients for the plastic deformation behavior and anisotropy 

properties of the AA6061-W material were entered into the analysis program and used in all simulations. In 

order to observe whether there is crack in the analysis results, the FLD diagram of the material was also 

entered to the program and used in post processing operations. With the help of FLD diagrams, the safe and 

crack risk areas of the bent tube were observed. Wrinkling and crack areas on the tube are displayed in 

Figure 3. Wrinkle free tube is seen in Figure 4.  

 

Figure 3 Wrinkled tubes and FLD diagrams 
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Figure 4 Wrinkle free tube 

3. RESULTS AND DISCUSSION 

After the analysis results were determined, the maximum wall thinning value was obtained from the relevant 

post processing interface and listed in Table 3. In order to calculate the cross-section distortion (ovality) values, 

the cross-section areas corresponding to the 45 degree bending angle were subtracted and the required values 

for Equation 1 were measured and ovality values calculated and also listed in Table 3. 

�®¨KwM« G%J = ¦if-b¦i�U¦ ¯ 100                                                                                                                       (1) 

where: 

Dmax - maximum diameter of the tube in the 45° section 

Dmin - minimum diameter of the tube in the 45° section 

D - initial diameter of the tube 

When the analysis results for ovality in Table 3 are examined, it can be understood that the cross-section 

distortion value of the tube decreases when the mandrel shank position is changed from 0 to 15. It was 

observed that the cross-section distortion values increase in case the mandrel shank position is brought to 30. 

The ovality values were increased compared to the 0 position after the mandrel position was changed from 0 

to -15 and -30 values. In addition, results reveal that the ovality values in the tube cross-section area increases 

as the gap values between the mandrel and the tube increase. This is due to the fact that the bending area 

cannot be adequately supported internally due to the gap. These results are consistent with the findings in the 

literature [3,5]. 

Based on analysis results in Table 3, the maximum thinning value increases as the mandrel shank position 

goes from 0 to 30. This is due to the contact of the mandrel balls and the tube surface with the larger surface 

area in the bend region. As the mandrel gets closer to the bending area, the increase in the maximum thinning 

values is consistent with the studies in the literature [4-6]. In addition, it was observed that the maximum 

thinning values generally decrease as the gap between the mandrel and the tube increases. The reason could 

be less friction between the mandrel balls and the tube surface. 

In the ovality analysis, results indicate that the lowest ovality value was obtained in the analysis where the 

mandrel shank position is 15 and the gap value between the mandrel and the tube was 0.2. The value where 

the maximum thinning value was the smallest when the mandrel shank position was -15 and the gap value 

between the mandrel balls and the tube was 3.0. 
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Table 3 Finite element analysis results 

Position of 
mandrel shank 

(mm) 
Mandrel gap  

(mm) 
Ovality  

(%) 
Max thinning 

(%)  
Wrinkling 

occurrence 
Crack  

occurrence 

0 0.2 3.1 12 NO NO 

0 0.5 3.6 10.9 NO NO 

0 1.5 6.34 10.3 NO NO 

0 3.0 10.1 10.1 NO NO 

15 0.2 2.5 12.4 NO NO 

15 0.5 3.1 12.7 NO NO 

15 1.5 3.9 12.2 YES NO 

15 3.0 4.0 12.0 YES NO 

30 0.2 6.9 31.8 YES YES 

30 0.5 7.6 31.4 YES YES 

30 1.5 11.4 31.8 YES YES 

30 3.0 9.66 53.6 YES YES 

-15 0.2 3.8 12.1 NO NO 

-15 0.5 4.3 11.5 NO NO 

-15 1.5 6.2 10.4 NO NO 

-15 3.0 10.0 10.0 NO NO 

-30 0.2 3.26 11.9 NO NO 

-30 0.5 4.1 11.1 YES NO 

-30 1.5 6.1 12.2 YES NO 

-30 3.0 10.7 16.3 YES NO 

4. CONCLUSION 

The effects of the mandrel shank positions and the gap values between the mandrel balls and the tube on the 

thinning and the ovality were investigated by the finite element analysis for the AA6061-W tube. The following 

results can be drawn as follows: 

1) Incorrect selection of the mandrel position and the gap value between the mandrel balls and the tube 

may cause over thinning, ovality, crack, and wrinkling. It is quite important to choose these parameters 

correctly. 

2) The mandrel position and the gap value between the mandrel balls and the tube have a significant 

impact on ovality. As the gap between the mandrel balls and the tube decreases, the ovality value 

decreases. If it is aimed to reduce the ovality value, as little space as possible should be left between 

the mandrel balls and the tube. This causes an increase in the maximum thinning value on the tube. 

Optimum bending parameters should be determined considering the required product quality. 

3) As the contact surface between the mandrel balls and the tube increases, the thinning of the tube wall 

thickness increases. 

4) Moving the mandrel shank position forward more than necessary compared to the tangent line causes 

excessive thinning, wrinkles, and cracks. 
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Abstract 

Hot forming tools are exposed to cyclically changing thermal loads. These conditions are caused by the heat 

exchange between tool and workpiece during forming followed by spray cooling. This can lead to crack 

initiation and tool failure. A continuous cooling with heatpipes (HP) inside the active tool components could 

prevent this. HP use a circular flow of a cooling fluid inside a closed tube, often made of copper. Previous 

studies showed an influence of the connection by thermal paste between the forming die and the HP, its 

orientation, as well as its inner surface structure. The use of paste proved essential for closing the contact by 

filling the microscopic air pockets between the surfaces. Only sintered inner structures can be used for force 

fit, since others are damaged by deformation and thus lose their efficiency. This research paper deals with the 

influence of the form and force fit between die and HP. To test the impact, HP were connected with heated 

model dies on one side and an aluminium block (AB) on the other. Thermocouples were used to monitor the 

temperature of both, the AB and the model dies. The measured temperature and time difference, the weight 

and the thermal capacity of the AB were used to calculate the heat flow. Different inner surface structures of 

HP were varied in addition to their fitting type with the model die. The best heat transfer was achieved by using 

HP with sintered inner structure and force-fit, resulting in nearly full-surface contact. 

Keywords: Heatpipes, forging tools, heat transfer, thermal conduction 

1. INTRODUCTION 

The different loads during die forging result in a complex load collective. Depending on these loads, various 

types of wear occur. Many of these, like heat cracks, surface crack networks by thermal fatigue and softening 

of the material leading to plastic deformation are initiated by high temperatures during forging [1]. A forging die 

must be discarded if the wear is too high, since the product is no longer within shape tolerance or the risk of a 

tool crack is too high. To further improve the lifetime of forging tools made of hot work steel, e.g. the strategy 

of lubrication and cooling can be optimized [2]. Another approach described in [3] is the use of coatings to 

create a thermal barrier or to improve the friction resistance [4]. A combination of both strategies, lubrication 

and coating, was researched by Decrozant-Triquenaux et al. by means of a reciprocating process with 

aluminium and coated steel specimens [5]. Another strategy to generate an improved wear resistance is to 

integrate cooling channels inside the tool. Cortina et al. researched the influence of a channel parallel to the 

surface created by Laser Metal Deposition [6]. The results show a viable possibility to produce or even repair 

cooling channels in tools. Further, He et al. researched different geometries and arrangements of cooling 

channels [7]. The heat build-up at corners and edges due to the low surface-to-volume ratio was investigated 

numerically. A similar approach is the use of HP, which are tubes that are closed at both ends and filled with 

a liquid evaporating at the heated end and condensing at the cooled end. HP are already used conventionally, 

e.g. in thermal control devices [8] or solar thermal storage systems [9].  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

228 

In previous investigations, HP were used to improve the wear resistance of forging tools by cooling [10].  

This research deals with variations in the fitting design to enhance the heat transfer by HP in forging tools. 

Material-, form- and force-fittings with applied thermal paste were investigated. 

2. EXPERIMENTS 

2.1. Preliminary tests 

Different inner surfaces of the HP and different fitting types between tool and HP have a significant influence 

on the heat transfer [10]. Preliminary tests were carried out to research basic information like the influence of 

the orientation of the HP to the ground and of their diameter on their performance. In the tests, water was used 

for the calorimetric determination of the heat flow. The results are shown in Table 1. The orientation showed 

a great impact on the heat flow due to gravitation. The condensed water in the HP always flows downwards 

and thus influences the evaporation-condensation cycle. In the further investigations, only the horizontal 

orientation was examined, since the others are not suitable for tools in later series forging processes due to 

space restrictions and the needed conditions for the circulatory flow of the fluid inside the HP. 

The enhanced diameter of the HP has a great impact of the heat flow as well. Compared to the heat flow of 

the mesh, the heat flows of the sinter and groove variants increased by more than a factor of two when the 

diameter was raised from 6 mm to 8 mm. The structure of the mesh was eliminated for further research due to 

the lower heat flow when enhancing the diameter (Table 1).  

Table 1 Heat flows of different HP structures at different orientations and diameters 

Structure: Groove Mesh Sinter 

Orientation 

to the ground 

(∡: 0° - horizontal) 

∡ -90° ∡ 0° ∡ 90° 

2.4 W 
20.0 W 
51.1 W 

∡ -90° ∡ 0° ∡ 90° 

7.2 W 
13.3 W 
48.2 W 

∡ -90° ∡ 0° ∡ 90° 

10.0 W 
14.0 W 
21.2 W 

Diameters 
(∡: 0°) 

6 mm: 
8 mm: 

20 W 
42 W 

6 mm: 
8 mm: 

13.3 W 
10.2 W 

6 mm: 
8 mm: 

14.0 W 
34.7 W 

2.2. Experimental setup 

 

Figure 1 Experimental setup for heat transfer measurements 
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model tool 
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The setup, shown in Figure 1, is simple, since the result should be a single value to benchmark the heat 

transfer for further research of forging dies in serial production. A heating sleeve heated the model tool made 

of the conventional hot working steel X38CrMoV5-1. The tool temperature was controlled using type K 

thermocouples. The HP and the AB were insulated with mineral wool to prevent high heat loss by convection 

and as a protection against other external influences. Figure 2 shows the basic dimensions of the tools and 

the AB. The temperature of the AB was measured with two thermocouples, one at 7 mm and one at 36 mm 

distance to the central axis. 

 

Figure 2 Basic dimensions of the model tools (left) and the AB (right) 

2.3. Fitting designs 

The parameter primarily investigated in this research is the fitting design. For this, the fitting geometries on the 

left side in Figure 3 were used with thermal paste. The use of paste guarantees a rapid heat transfer between 

the surface of the tool cavity and the surface of the HP. For all types, HP with sintered inner structure were 

used (see Figure 3, right). The groove structure was used only with L1 because the deformation at P1 and P2 

would destroy the structure and further eliminate the effect of the grooves.  

The first variant is a loose fit with geometry L1. The second (P1) and third (P2) variants are force-fittings. 

Screws from the top to the bottom part of the model tool generated enough force for the deformation of the 

HP. As a result, these connections are combinations of a form- and a force-fit. 

 

Figure 3 Model tools with different types of closure (left), types of inner structure (right) 

P1 is nearly a circle with openings left and right for the material to flow into while deformation of the HP. The 

groove of P2 has the upper geometry of a square, whose edges were not completely filled by material or paste. 

This variant was used to investigate the influence of a fitting which is not completely closed.  

Cavities for the HP 
Cavities for the 

thermocouples 

Model Tool AB 

P1 P2 L1 

groove sinter 
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2.4. Theoretical background and values 

There are different approaches to calculating a representable value for heat transfer, depending on the grade 

of accuracy required. The energy in case of heat can be calculated as a thermodynamic system depending on 

material properties, which in turn depend on time, temperature, and numerous other boundary conditions. 

Furthermore, heat transfer has three types of modes: convection, conduction and radiation. Calculating the 

heat transfer by solving every subsystem of an entire thermodynamic system is only possible using numerical 

methods and is not a viable option in this case due to its complexity. [11] 

In this research, a simplified approach is applied to determine a characteristic metric to compare the different 

fitting designs in terms of their thermal performance. To combine the different approaches, Equation 1 can be 

derived. To simplify the calculation, an absolute term is used for the specific heat capacity of aluminium W. The 

value for the aluminium alloy EN AW6082 was assumed as 896 J/(kg K) at room temperature [12]. The AB 

has a mass of 1.133 kg. The temperature measurement started when the AB was connected to the HP.  

³ = ∆µ∆� = i∗X∗∆¢∆�                (1) 

where: 

³  - heat flow (J/s) 

∆³ - heat flow volume (J) 

∆M - duration of measurement (s) 

¶ - mass of the aluminium block (kg) 

W - specific heat capacity of aluminium (J/(kg K)) 

∆p -temperature difference (K) 

2.5. Results and discussion 

First, a constant temperature of the model tool of approx. 175 °C has to be reached. The measurement started 

when the water-filled copper HP was inserted into the AB, while it is already connected to the preheated model 

tool. The measured temperature curves at the AB for all fitting designs, seen in Figure 4, show a similar trend. 
The measurement time was 14 min. The temperatures of the two thermocouples in the AB were averaged. 

The measured temperature of the tools all show nearly the same trend, so just one representative curve of 

sintered L1 is shown. 

 
Figure 4 Averaged temperature curves over time of the AB with different fitting designs, exemplary 

temperature curve of the tool with sintered L1 
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In the beginning, the temperature of the model tool decreases from approx. 175 °C to approx. 160 °C. The 

temperature begins to stabilize after about 100 s. The temperatures of the AB increase nearly linearly from 

room temperature. This trend of the curves is similar for each fitting design at the observed range. The 

temperature measurement of L1 with a groove structure started higher at approx. 28 °C. This has no relevant 

influence on the heat transfer, since the overall temperature difference is decisive for the heat flow calculation 

by Equation 1.  

The results of the calculated heat flows are summarized in Table 2. The results with L1 show a higher heat 

flow using HP with inner grooves. In direct comparison with L1, the grooved structure has a 9 % higher heat 

flow than the sintered one. The heat flow of P2 is almost 4 % lower compared to L1 with sintered structure. 

This result was expected due to the incompletely filled cavity of the model tool by copper or paste. P1 has the 

highest heat flow of the sintered structures. It is more than 11 % higher compared to the L1 design presumably 

due to the increased surface pressure. 

Table 2 Heat flows of the different fitting design and inner structure of HP 

Fitting design 
Inner structure  

of HP 
·  

(J/s) 

L1 
 

groove 80.73 

sinter 73.78 

P1 
 

sinter 81.94 

P2 
 

sinter 71.00 

3. CONCLUSION 

Heatpipes are a promising approach to channelling heat out of a forming die in order to minimize the heat 

influence on wear. A higher wear resistance results in a longer lifetime, which means resource savings. 

Preliminary tests were carried out to research the influence of the orientation and the diameter of the HP. Both 

have a great impact on the heat flow. The inner structure mesh of the HP was eliminated for further research 

because of diminished heat flow at increased diameter. The vertical orientations of the HP have promising 

results of the heat flow but were eliminated since only a horizontal orientation is practical for the later serial 

tests due to the geometry of the tools.  

Further different combinations of inner structures and fitting designs were compared to improve the heat flow 

between model tool and AB. To test the thermal performance, the insulated HP were connected to an insulated 

AB and a heated model tool. The highest calculated heat flow was generated with a force- and form-fit with a 

sintered inner structure (P1). The HP was deformed and filled the cavity of the model tool. It can be assumed 

that the additional thermal paste is able to fill the microscopic air pockets. This setup resulted in an optimum 

bond due to the combination of high surface pressure and thermal paste, which led to improved heat transfer.  

It was not possible to solder the HP with Sn95Ag4Cu1 to the model tool due to the high temperatures and risk 

of explosion. To achieve material bonding, an alternative medium inside the HP with a higher evaporation point 

or a material with higher stability for the HP could be used.  

Further tests in a serial forming process are necessary to evaluate the fitting designs in terms of applicability 

at dynamic conditions during forging, e.g. the cyclic pressure load or surface temperatures during contact with 

the workpiece and at nearly stable basic temperatures of the forming tool. For further enhancing the heat 

transfer and optimizing the cooling system, ribs are a convenient method.  
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Abstract 

The surface layer of hot working tools is subject to alternating thermo-mechanical loads during forging. It 

experiences a fast increase in temperature on contact with the heated billets, followed by a steep temperature 

decline during application of the spray-coolant. This can lead to a cyclic surface rehardening of the tool surface 

layer due to the formation of a martensitic structure, which can either delay or accelerate tool failure. The 

microstructural changes in the tool surface layer mainly depend on the thermal, mechanical and tribological 

loads during forging. The influence of these loads is of particular interest to understand the effect of cyclic 

surface rehardening. The goal of this research is to investigate the influence of cooling parameters on 

microstructural changes in the tool surface layer during die forging. Mechanical and tribological loads are kept 

constant while cooling parameters are varied. Three internal thermocouples are applied to forging tools to 

measure the base tool temperature. To keep the amount of lubricant in each forging cycle at constant levels, 

cooling and lubrication are separated by use of boron nitride as lubricant, which is applied by electrostatic 

adherence. For cooling, the duration of water application is varied while maintaining pressure and spray 

pattern. Four tools with different tool base temperatures are investigated and the influence of the thermal loads 

on the wear behaviour displayed.  

Keywords: Bulk metal forming, cooling, surface zone rehardening, wear 

1. INTRODUCTION 

Forging tools are exposed to high process related thermo-mechanical loads, that result from frequent 

alternations between rapid heating of the tool surface area during forming and rapid cooling due to the relatively 

cold base material underneath. This is further increased by the cooling of the tools [1]. These loads can cause 

permanent damage to the tool surface area and ultimately lead to tool failure. The main reason for tool failure 

is predominantly the wear of the contours [2]. During forging, peak temperatures in the thermally highly 

stressed tool areas exceed the tempering temperature of the tool material, thus softening the tool surface 

layer [3]. The softening of the material in the tool surface layer results in wear. A heated work piece is placed 

in the engraving, forged and finally taken out. The temperature rises to its peak value during contact of the up 

to 1250 °C hot work piece and the tool, with heat being transferred from the first into the latter. Following the 

forming process, there is a considerable drop of temperature in the engraving surface after releasing the 

forming force and contact pressure. The tool starts cooling with the warm work piece still in the die. Due to 

thermal conduction, the heat flows into the colder base material below the heated zone and thus reduces the 

contact temperature in the surface. After removing the work piece, the temperature of the engraving surface 

drops due to radiation and convection. Finally, the cooling lubricant is sprayed into the engraving, cooling the 

tools below to tool base temperature (i.e., minimum temperature per cycle) and exposing them them to 

additional thermal stress. Afterwards, the temperature of the engraving surface once again reaches the set 

base tool temperature and the next work cycle begins [4]. The base tool temperature can be adjusted by the 
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billet temperature, the amount coolant applied, the pressure contact time, the overall length of a forging cycles 

and the tool pre-heating. 

In metallographic analysis of forging tools, rehardened tool surface zones often appear as white layers. They 

form when the tool surface area is exposed to high temperature gradients exceeding the material specific 

austenite start temperature in combination with cooling above a critical speed [5]. The effects of rehardened 

zones on the tool wear is controversially discussed in literature. Rehardened zones are often seen as tool 

damage [6]. Some studies compare the rehardening of the tool surface layer to a heat treatment that 

strengthens the tool surface area [7] and refer to the potential of the special wear resistance when exposed to 

abrasive stress [8]. It is shown in [9] that under sufficient conditions, surface zone rehardening happens 

instantly and can be detected after only a few forging cycles.  

The investigation of the microstructural changes in the surface layer of hot forging dies is of great importance 

to better understand the effect of cyclic surface rehardening. In order to achieve the objective, in this 

investigation different stationary tool base temperatures are realized by varying the spray cooling parameters. 

The temperatures are measured with thermocouples. To keep lubrication at constant levels, coolant and 

lubricant are applied separately. This enables a precise cooling by controlling the amount of coolant introduced 

per time and area.  

2. MATERIALS AND METHODS 

2.1. Tools 

A rotationally symmetrical tool is selected for forging tests (Figure 1). The mandrel surface area is subject to 

high thermal loads during forging, especially at the convex radius. Tools are made of hot working tool steel 

AISI H11 and heat treated to 48+2 HRC. Previous research has shown, that these tools display the essential 

structural changes and the associated wear due to abrasion and plastic deformation, which mainly occurs on 

the convex tool radius [7]. High contact pressures and thermal loads are expected in these areas due to the 

relatively long time of contact and the deep penetration of the tool into the work piece. To characterize the 

cyclic thermal loads, thermocouples are inserted into selected tools. The recording of the temperature takes 

place continuously over the entire forging process during the heating and cooling phases. Encapsulated 

Type K thermocouples with a 

diameter of ø1.5 mm are selected 

for the machined tool cavities with 

a diameter of ø1.6 mm (Figure 2) 

up to a distance of 3 mm to the 

tool surface. The thermocouple 

wiring is led out from the tools 

laterally (Figure 2, right). Thermal 

paste is applied to increase the 

heat transfer and decrease 

reaction time between the tool 

and the thermocouples. 

2.2. Cooling and Lubrication 

To carry out forging tests with different cooling gradients while maintaining constant amounts of lubricant, 

cooling and lubrication are separated in place of the industrial standard of fluid-based cooling lubricant. The 

same spray nozzle and constant spray pressures are used throughout all tests and only the spray duration is 

varied. The overall forging cycle times are adjusted to 8.4 s, which is the minimum possible time at maximum 

spray cooling. Before and after water spraying, air is sprayed on the dies to remove scale and excess water. 

 
 

Figure 1 Thermally loaded tool with channels for thermocouples 
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Electrostatic powder application technology is used for lubricant application. Powdered boron nitride (co. 

Henze BNP, type HeBoFill LL-SP 120) is applied as a lubricant. Puppa et. al. [10] showed, that this type of 

lubricant application can significantly reduce tool wear. Lubrication is carried out with a powder coating system 

(co. ITW/GEMA Surface Technology). Due to the functional separation of the cooling and lubricating process, 

the process is carried out in two stages, with stage I for cooling and stage II for lubricating the tools.  

2.3. Forging 

Fully automated serial forging tests are carried out on an eccentric press (co. Eumuco, type Maxima SP 30d) 

with a maximum nominal force of 3150 kN. All tools are preheated to a base temperature of 200 °C using 

heating cartridges. During forging, the tool temperature depth profiles change depending on the different 

cooling parameters. Stationary temperature values are reached after about 20 forging cycles in most cases. 

Blanks made of steel AISI 1045 are used as billets. Before forging, the billets are heated to a temperature of 

1200 °C in a continuous induction furnace for all tests. The heated billets are transported automatically from 

the push-through furnace into the press by a robot. After each forging cycle, the formed billets are ejected. 

Then the tools are cooled and lubricated before the initiation of the next forging cycle as stated above. All 

forging dies are loaded with 50 forging cycles. 

2.4. Wear Evaluation 

In order to examine the tool rehardening and formation of white layers, the structures of the tool surface layer 

are examined metallographically. The tool mandrels are separated mechanically by a wet cut-off grinder to 

characterize the surface layer cross section without the inducing further thermal stress, e.g. by sawing. For 

metallographic microstructure analysis, the samples are embedded, polished and etched with 10 % alcoholic 

nitric acid (10% HNO3). The sample microstructures are then analysed with a light microscope (co. Reichert-

Jung, type Polyvar Met). 

3. RESULTS 

3.1. Cooling Parameters 

The cooling is carried out with an air-water mixture, which is applied to the tool surfaces using a spraying 

system (co. Gerlieva). Spraying parameters such as pressure and duration can be regulated during the spray 

cooling via a control unit. The spray parameters are regulated in such a way that four different tool temperature 

profiles are realized. Therefore, tools equipped with thermocouples are used to determine fitting spraying 

parameters for each base temperature, which are shown in Table 1.  

Table 1 Parameters for spray cooling  

Target base temperature (°C) 100 200 300 400 

Spray nozzles co. Gerlieva, type 300-55365 

Spray nozzle distance (mm) 50 

Spray area (mm) Ø 80 

Spray volume 15,4 ml/s at 1 bar coolant pressure 

Coolant pressure (bar) 4 

Pre-blow time (ms) 100 

Coolant spray time (ms) 1000 430 250 0 

After-blow time (ms) 50 

Measured base temperature (°C) 110 200 300 350 
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Figure 2 shows the temperature measurements of the thermocouples for the four cooling parameters, each 

starting at 200 °C. While 200 °C base tool temperature (i.e., minimum temperature per cycle) is reached 

instantly, it takes about 20 cycles for temperature values close to 100 °C and 300 °C. 400 °C base tool 

temperature cannot be achieved even without coolant, as much of the thermal energy dissipated into the air. 

Therefore, the highest measureable base tool temperature at 3 mm beneath the tool surface with a forging 

cycle time of 8.4 s is 350 °C, while peak temperatures of about 380 °C are measured. It can be observed that 

the high tool base temperatures (300 °C and 400 °C) are closer to their peak temperature, thus reducing 

temperature gradients during each forging cycle. 

 

Figure 2 Temperatures during forging 3 mm below the mandrel surface 

3.2. Metallographic Analysis 

The tools are prepared after forging and cross sections of the mandrel are taken to examine the surface zone 

rehardening. The micrographs of cross sections displayed in Figure 3 show the formation of thick white layers 

at higher temperatures. The maximum values for visible zone thickness are at about 100 µm for the tools at 

300 °C and 400 °C target base tool temperature. 

 

Figure 3 Micrographs at the convex mandrel surface layer showing formation of white layers 
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In Figure 4 the micro hardness depth distribution is shown. All tools have a base hardness of about 500 HV 

0,1, starting at a depth of about 500 µm. A surface zone rehardening for 300 °C and 400 °C base tool 

temperature is noticeable with a maximum hardness of 614 HV 0,1. This correlates with the micrographs of 

Figure 3, in which a white layer can be observed. An annealed area with a softened microstructure is found 

below, while 100 °C and 200 °C only show the annealed area with no surface zone rehardening.  

 

Figure 4 Micro hardness at the mandrel surface layer  

4. DISCUSSION 

When varying the tool base temperature, surface zone rehardening is predominantly seen at higher tool 

temperatures. While literature often cites a large temperature gradient as condition for tool surface zone 

rehardening and the formation of a white layer, this condition could not be verified in the trials of this paper. 

This is shown by high tool base temperatures having the smallest temperature gradients. Instead, high base 

tool temperatures seem to be mandatory in order to reach the austenite start temperature Ac1b for any surface 

zone rehardening to occur. While thin white layers can be observed for all tools in the thermomechanically 

highly stressed mandrel area, they are much more pronounced for the tools forged at high tool base 

temperatures. Vice versa, a low tool base temperatures can reduce the formation of white layers and surface 

zone rehardening, or prevent them altogether. Thus, it is assumed that the thin white layers shown at 100 °C 

and 200 °C are the result of tempering. 

5. CONCLUSION 

The main objective was to investigate the microstructural changes in the surface layer of hot forging tools 

under varying cooling conditions. To better understand the formation of a rehardened area on the surface of 

forging dies, an examination of their formation under different base tool temperatures was carried out. For this 

purpose, a variety of cooling strategies were used. Forging tools were submitted to different thermal stresses 

for 50 forging cycles each. It was shown that higher tool temperatures promote the formation of hard white 

layers. These temperatures were reached in the mechanically loaded, convex mandrel area of a rotationally 

symmetrical tool, measured 3 mm from the surface. 
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Abstract  

This study deals with new generation of ODS alloys strengthened with a high-volume fraction of Y-nanooxides 

of 4 %. The ODS alloy is produced using powder metallurgy consisting of mechanical alloying of input powders 

followed by hot consolidation of canned powder using rotary swaging technology and secondary 

recrystallization to provoke coarse-grained microstructure. We focus on the microstructure characterization 

after individual processing steps and measurement of mechanical properties after consolidation and after 

secondary recrystallization at room temperature and 1100 °C. The mechanical properties of the studied ODS 

alloy are compared with those of a conventionally produced alloy as INCONEL718. 

Keywords: Oxide dispersion strengthened (ODS) alloy, powder hot consolidation, rotary swaging 

1. INTRODUCTION 

The development of advanced materials that excel in resistance to high temperature creep and oxidation is 

one of the most challenging goals of materials research today. Ni-based super alloys are applicable up to 

1100 °C. Oxide dispersion strengthened ferritic alloys (ODS) are applicable up to 1300 °C. In addition, heavy 

tungsten alloys (THAs) are used up to 1500 °C. These metallic materials achieve the highest level of strength 

with low creep under thermal loading [1-3]. 

Oxide dispersion strengthened (ODS) materials are mainly produced because of their extremely high 

mechanical and oxidation resistance at high temperatures. They also excel in microstructural stability. Most 

commonly, a small amount of yttrium (from 0.3 to 0.5 wt%) is added to these alloys and dispersed in the metal 

matrix. Other oxides such as lanthanum oxides, scandium, cerium are currently being studied as substitutes 

for Y2O3 [4-6]. 

Powder metallurgy processes very convenient to incorporate the required amount of oxides into the ODS 

material. In the first step, powders are prepared by mechanical alloying [7]. Then in the second step, they can 

be consolidated by several methods such as forging or hot rolling. Rotary swaging (RS) has emerged as a 

very advantageous technology for consolidation and processing of these materials. Rotary swaging belongs 

to the methods where intense plastic deformation occurs. This technology is characterized by gradual 

increments of embedded deformation and high-frequency punches through the matrix. The blank is usually 

compacted rapidly by rapidly rotating dies at a small diameter. Optimization of the conditions during hot RS, 

plays an important role in the resulting textured microstructure and consequently in the mechanical properties. 

Furthermore, the development of residual stresses and packing force, is crucial to obtain a fully compacted 

bar with minimal heterogeneity. This is very advantageous in the case of powder-based materials [8-11].  

2. MATERIAL AND METHODS 

Homogeneous Fe-10Al-4Cr-3Y2O3 powder was prepared from Fe, Al, Cr and Y2O3 powders, which were of 

99.9 % purity.  These powders were mixed in a custom-made ball mill. The ball mill was filled with bearing 
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balls and 1 kg of the powder mixture. This mixture was mechanically alloyed under vacuum by rotating the 

grinding vessel. After sufficient alloying time, a homogeneous solid solution with a high density of defects such 

as dislocations and vacancies was achieved. The next step was the preparation of a vacuum-sealed container 

(Figure 1) into which the powder was enclosed.  

 

 

Figure 1 Vacuum tight container with powder 

mixture 
Figure 2 Schematic of rotary swaging 

Hot rotary forging technology (Figure 2) was used to process the blank. The actual forging was carried out on 

a rotary forging machine from HMP. The forging temperature was 950 ± 20 °C. The semi-finished product was 

heated and maintained on a pelot in an atmospheric furnace. Rotary forging was carried out in many small 

steps, where the initial diameter was 50 mm and the final projection was 15 mm. After processing, the 

consolidated material was removed from the containment vessel and further subjected to recrystallization 

annealing in a vacuum furnace at 1200 °C for 4 hours. Attention was paid to the characterization of the 

microstructure of the material by scanning electron microscopy (SEM). The Vickers hardness was measured 

to obtain a preliminary assessment of the mechanical properties. Furthermore, attention was paid to cerrp 

properties, which characterize the creep of the material at elevated temperatures. The CREP was compared 

with the commercial alloy INCONEL718. 

3. RESULTS AND DISCUSSION 

3.1. Structural analysis 

The microstructures were obtained by SEM (backscattered electron analysis) from the central part of the hot 

forged RS samples and the dispersion distribution of nano oxides. The microstructure of the grain after RS 

(Figure 3) is coarser in nature. The grain width is around 200 nm and the grains are greatly elongated in the 

horizontal packing direction. The corrugated swaged structure contains some portion of relatively coarse 

nanooxides (20-50 nm). For these reasons, the dispersion of nanooxides (Figure 4) corresponds to the grain 

size of hot forming. This structure is characterized by a coarser and less homogeneous grain size distribution. 

The nano-oxides are mainly formed at the locations of the original grain boundaries. The nanooxides form 

chains parallel to the horizontal axis. 
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Figure 3 Microstructures prepared by rotary 
swaging 

Figure 4 Microstructures of nano-oxide dispersion 
within grains after aniling 

The microstructure after annealing (Figure 5) shows a high variance in grain sizes as a function of distance 
from the sample center in the cross section. The edge is formed by a coarse-grained structure (Figure 5a), 
which varies in grain size in the order of hundreds of microns.  The central region of the sample (Figure 5c) 
from about 5 mm in diameter to the center is composed of fine-grained structure with grain sizes in the tens of 
micrometers, which are surrounded by a large number of ultrafine grains with grain sizes less than 1 μm. This 
phenomenon is probably due to accumulated plastic deformation after RS, which remained embedded in the 
structure as a driving force for secondary recrystallization in the central regions.  

This is probably one of the reasons why partial recrystallization of the grain microstructure occurred only in the 
central region. In the longitudinal section, it can be seen that the grains stretch in the longitudinal axis of the 
blank due to RS processing. The subsequent annealing results in the formation of elongated grains in the axis 
direction is more marked. Both structures show the same trend in grain size as described for the cross section 
(Figures 5b and 5d). 

a)  b)  

Figure 5/1 SEM micrographs of the specement after annealing. The coarse-grained rod periphery in the 
transversal cut (a) and longitudinal cut (b), fine-grained rod core in transversal cut (c) and longitudinal cut 

(d) together with details in inlets. 
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c)  d)  

Figure 5/2 SEM micrographs of the specement after annealing. The coarse-grained rod periphery in the 
transversal cut (a) and longitudinal cut (b), fine-grained rod core in transversal cut (c) and longitudinal cut 

(d) together with details in inlets. 

3.2. Mechanical Testing 

Tensile tests carried out at 1100 °C and a strain rate of 10-6 s-1 showed a strength of 115 MPa and a ductility 

of 1.2 %. The low ductility and pure intergranular fracture indicated that the cohesive strength at the grain 

boundary was the weakest point in the samples. This did not play an important role in creep experiments where 

the applied stress is well below the measured tensile strength. 

  
a) b) 

Figure 6 Creep test (a) time to rupture; (b) minimum creep rate Interrupted creep test of Specimens II at 

60 MPa is used to determine the minimum creep rate. 

The results of the creep tests conducted at 1100 °C are shown in Figure 6. The creep properties of the ODS 

alloy are compared with the INCONEL718 data sheet. Figure 6a clearly shows that the stress exponent of 

time to break is lower than the commercially produced INCONEL alloy. This can be attributed to the significantly 

increased creep of the tested ODS alloy at low stress. The stress exponents of the minimum creep rate are 
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shown in Figure 6b for the tested ODS alloy. From the creep tests (Figure 6a), it is clear that the strength of 

the tested specimen is significantly lower than that of the conventional alloy. 

4. CONCLUSIONS 

 The new generation ODS alloy Fe-10Al-4Cr-4Y2O3 is prepared by mechanical alloying and subsequent 

consolidation of the powder without air access under heat (at 950 ± 20 °C) by rotary swaging and then 

recrystallization annealing with the intention of large grain growth.  

 Secondary recrystallization is manifested in the central regions of the sample by an ultrafine grained 

microstructure, while in the surface regions we see a coarse grained structure with significant elongation 

in the direction of the horizontal axis. 

 The creep strength of the ODS alloy at 1100 °C is mainly defined by the morphology of the grain 

boundaries, which are the weakest point due to their limited cohesive strength. 

 The creep strength at 1100 °C of ODS alloys strengthened by rotary hot forging exceeds the commercial 

INCONEL 718 ODS alloy by more than 30 %. 
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Abstract  

Despite its relatively high cost, copper is still the most popular electroconductive material. Its 

electroconductivity can be affected via structure modifications introduced by shear mixing, i.e. deformation 

processing, and/or thermomechanical treatment. Being an industrially applicable method of intensive plastic 

deformation, advantageously used to impart shear mixing, rotary swaging is favourable for production of long 

electroconductive wires. This study is focused on assessment of the effects of thermomechanical treatment 

on structural phenomena within copper conductors; the treatment consisted of room temperature rotary 

swaging and subsequent annealing. The results showed that the deformation ratio introduced via swaging was 

sufficient to impart homogenization of structure as the differences between the grain sizes and texture 

orientations within the peripheral and axial regions of the conductor were minimal. On the other hand, the 

swaged and annealed conductor featured slight inhomogeneity between the peripheral and axial regions, 

especially as regards structure regeneration and the occurrence of twinning, which was more pronounced in 

the axial region of the thermomechanically processed conductor (the volume fraction of <111> 60° twin 

boundaries was 60 % within this sample region). Interestingly, the electroconductivity was higher than 100 % 

IACS (International Annealed Copper Standard) for the swaged conductor, and even increased up to 104.4 % 

IACS for the annealed conductor due to the structure modifications imparted by the applied heat treatment. 

Keywords: Copper, electroconductivity, rotary swaging, thermomechanical processing 

1. INTRODUCTION 

Copper and Cu-based alloys and composites are popular and widely used electroconductive materials [1,2]. 

However, high electric conductivity and high strength are mutually exclusive. Pure Cu features high electric 

conductivity, but exhibits very low mechanical strength (yield strength of 10-20 MPa, depending on purity) [3]. 

Among the solutions to improve mechanical properties of Cu is adding alloying elements, which provide 

increase in strength [4]. Nevertheless, alloying elements generally deteriorate electric conductivity due to 

electrons scattering [5]. Among the possibilities how to enhance the overall performance of Cu conductors and 

avoid alloying is the application of optimized deformation and/or thermomechanical treatment [6,7]. 

Thermomechanical treatment can advantageously be performed by methods of intensive and severe plastic 

deformation (SPD). Among the greatest advantages of these methods is that they impart shear mixing via 

imposing shear strain and thus promote generation of dislocations, formation of substructure, polygonization, 

and subsequent grain refinement, all of which introduce changes in mechanical, electrical, and utility properties 

[8,9]. SPD methods, such as HPT (high pressure torsion) [10], ECAP (equal channel angular pressing) [11] 
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and related methods - TCAP (twist channel angular pressing) [12], TCMAP (twist channel multi angular 

pressing) [13], ECAP-Conform [14], etc. - TE (twist extrusion) [15], FSP (friction stir processing) [16], ARB 

(accumulative roll bonding) [17] and others, are favourable to introduce significant substructure development 

and grain refinement. However, they are mostly discontinuous and thus limited to finite volumes of bulk 

samples. Therefore, SPD methods are generally not suitable to produce long wires (except a few, e.g. ECAP-

Conform). On the other hand, the intensive plastic deformation method of rotary swaging is favourable for 

production of long axi-symmetrical products, including wires and conductors [18]. 

The presented study focused on assessment of the effects of rotary swaging and subsequent heat treatment 

on copper conductors swaged to the final diameter of 15 mm. We primarily focused on correlating the 

microstructure, i.e. grain sizes and orientations, as well as the occurrence of twins, with electric conductivity, 

which we characterized via IACS (International Annealed Copper Standard) values. 

2. EXPERIMENT 

Billets with the original diameter of 50 mm were made of electro-conductive CP (commercially pure) copper 

with the impurities of 0.015 wt.% P, 0.002 wt.% Zn, and 0.002 wt.% O. The billets were gradually rotary swaged 

at room temperature to conductors with the final diameter of 15 mm. One of the billets was subsequently 

subjected to heat treatment at 300 °C for 15 min. Within this study, the swaged conductor is denoted as D15, 

while the swaged and heat treated one is denoted as D15TZ. Structure analyses from the swaged (and heat 

treated) conductors were performed via scanning electron microscopy (Tescan Lyra 3 XMU FEG/SEMxFIB 

microscope), particularly we used electron backscatter diffraction (EBSD) analyses (Symmetry EBSD 

detector). Preparation of samples involved transversal cutting of the conductors, and subsequent manual 

grinding, polishing and final electrolytic polishing of the cut samples. EBSD scans from 70° tilted samples were 

acquired with the scanning step of 0.1 µm. The results were evaluated using AZtecCrystal software. The 

analyses of grains and boundaries were performed with the limits of 5° for LAGBs (low angle grain boundaries), 

and 15° for HAGBs (high angle grain boundaries). The textures were evaluated with the deviation of 15°.  

Electric resistivity of the rotary swaged Cu conductors was measured using the Four-Wire Resistance 

Measurements method. The measurement used two pairs of electrodes - sense and source probes - which 

were attached to the measured electro-conductive rod. The sense probes primarily served for V1 voltage drop 

measurement, whereas the source probes served to supply the electric current. They could also be used to 

determine V2 voltage drop via the constant K = 0.0004 Ω; I1 electric current could be characterized as equation 

(1). 

�̧ = �2S  (1) 

The values of I1 and V1 were subsequently used to calculate R electric resistivity of Cu conductor on measured 

length L = 500 mm via the Ohm’s law (equation (2)). 

¹ = �1¸1  (2) 

Both the V1 and V2 voltage drop values were recorded during the experiment using a 24 bit resolution Data 

AcQuisition card of NI-9238 type with the minimum sensitivity dU = 60 nV. The acquired data finally served to 

calculate ρ specific electric resistivity via equation (3). 

 = ¹ ∙ de = �1¸1 ∙ �º = �1¸1 ∙ � (3) 

where S is area of cross-section of the conductor (m2), and C is constant of characteristic dimension (m). 
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3. RESULTS AND DISCUSSION 

3.1.  Microstructure 

Orientation image map (OIM) of the original CP Cu with grain boundaries is shown in Figure 1a. As can be 

seen, the original Cu featured the majority of HAGBs and a high fraction of twins - almost 63 % of <111> 60° 

twin boundaries. Also, the average grain size was quite large - avg. maximum ferret diameter of 39.0 µm (the 

average grain sizes, together with standard deviations, are summarized in Table 1). The orientations of grains, 

i.e. texture, within the CP Cu was quite random, too, as evident from Inverse Pole Figures (IPFs) depicted in 

Figure 1b. The acquired findings were typical for a commercially available annealed Cu. 

a)  b)  

Figure 1 OIM showing microstructure of original CP Cu (a), IPF showing texture of original CP Cu (b) 

Table 1 Summary of grain sizes for CP Cu, and D15 and D15TZ conductors (two examined locations) 

sample/location CP Cu D15/peripheral D15/axial D15TZ/peripheral D15TZ/axial 

grain size via max. ferret diameter 
(µm) 

39.0 5.0 6.2 8.2 7.6 

standard deviation (-) 36.3 7.4 8.0 9.6 7.3 

OIM with highlighted grain boundaries for the peripheral region of the D15 conductor is shown in Figure 2a, 

while the results of texture analyses represented by IPFs are depicted in Figure 2b. OIM with grain boundaries 

and IPFs for the axial region of the D15 conductor are then depicted in Figures 3a and 3b. 

a)  b)  

Figure 2 OIM acquired from periphery of D15 conductor (a), IPFs from periphery of D15 conductor (b) 

a)  b)  

Figure 3 OIM acquired from axial region of D15 conductor (a), IPFs from D15 conductor axial region (b) 
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The results document that the room temperature swaging imparted grain refinement and formation of texture. 

The average grain size was 5.0 µm for the peripheral and 6.2 µm for the axial region of the D15 conductor 

(Table 1). This difference can be attributed to the nature of the rotary swaging process, as the shear strain 

during swaging is imparted from the periphery towards the axis of a swaged semi-product [19]. This hypothesis 

was also supported by the fact that the grain size standard deviation was lower in the peripheral region of the 

D15 conductor (see Table 1), and by the HAGBs analyses. Although the structures of both the D15 conductor 

regions contained high fractions of HAGBs, the HAGBs fraction was higher at the periphery (compare 63.6% 

to 54.6% of HAGBs observed in the axial region), which points to significant development of dynamic 

restoration promoted by the effect of the intensive shear strain. Nevertheless, the orientation of the grains in 

both the regions was uniform; OIMs in Figures 2a and 3a both show the dominancy of <111>||SD (swaging 

direction) and <001>||SD orientations. These findings were confirmed by texture analyses - IPFs in Figures 2b 

and 3b confirmed the presence of the mentioned texture fibres in comparable maximum intensities. Neither of 

the examined D15 conductor regions exhibited any noticeable presence of twin boundaries. 

The results of structure analyses of the D15TZ conductor peripheral region are depicted in Figure 4a (OIM 

with grain boundaries), and Figure 4b (IPFs), whereas OIM with grain boundaries and IPFs for the axial region 

of the D15TZ conductor are depicted in Figures 5a and 5b, respectively. The applied heat treatment 

introduced increase in the average grain size - this value was 8.2 µm for the peripheral and 7.6 µm for the 

axial region of the D15TZ sample (Table 1). Interestingly, the grain size standard deviation was lower in the 

axial region of the D15TZ conductor than at its periphery. These phenomena can be explained by the mutual 

effect of the imposed shear strain and energy imparted by the applied heat treatment [20]. The fact that the 

grain size primarily increased at the periphery can be attributed to the amount of shear strain imposed during 

swaging, which was higher in this region and thus, in combination with the energy imparted by annealing, the 

final driving force for recrystallization and grain growth was higher at the periphery, which resulted in greater 

increase in the grain size. On the other hand, the imposed shear strain in the axial region was lower, which, in 

combination with the energy imparted by the heat treatment, resulted in structure, i.e. grain size, 

homogenization. These hypotheses were supported by the structure observations documented by Figures 4a 

and 5a. 

a)  b)  

Figure 4 OIM acquired from periphery of D15TZ conductor (a), IPFs from periphery of D15TZ conductor (b) 

a)  b)  

Figure 5 OIM from axial region of D15TZ conductor (a), IPFs from D15TZ conductor axial region (b) 
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The major effect of the heat treatment was on the grains morphology and their orientations. Figures 4a and 

5a show that the volume fractions of twins increased rapidly after the heat treatment - the fraction of the <111> 

60° twin boundaries was 27.3 % in the axial region, and increased to 59.9 % in the D15TZ peripheral region. 

The fraction of HAGBs increased significantly, too (up to 97 % for the axial region), which points to the 

development of almost perfect recrystallization during annealing. The orientations of grains within both the 

regions also changed after the heat treatment, i.e. randomized (documented by Figures 4b and 5b). The 

maximum texture intensity decreased down to 3.8 for the D15TZ axial region, which was as low as half the 

maximum texture intensity observed after swaging.  

3.2.  Electric resistivity measurement 

The results of experimental measurement of electric resistivity of the CP Cu and both the D15 and D15TZ 

conductors are summarized in Figure 6. The swaged conductors evidently featured higher conductivity than 

the commercially available Cu. This phenomenon can primarily be attributed to the differences in grain shapes. 

The grains within the original Cu were in the form of polyhedron, but elongated in the axial, i.e. swaging, 

direction after swaging (see the formation of texture fibres in Figures 2b, 3b, 4b, and 5b). The grain boundaries 

are among the main obstacles for moving electrons [3,6]. Therefore, the movement of electrons was 

aggravated within the original Cu featuring many obstacles due to the presence of numerous grain boundaries 

(polyhedrons) when compared to the D15 swaged conductor featuring pancake-like grains elongated in the 

axial direction, i.e. the main direction of electrons movement. In other words, the elongated grains within the 

D15 conductor enabled easier movement of electrons than their polyhedral counterparts within the CP Cu. 

The even increased conductivity observed for the D15TZ conductor was caused by decreased dislocation 

density within the grains’ interiors. Due to the occurring softening processes (recovery/recrystallization), 

significant volume of dislocations annihilated or 

migrated to grain boundaries, by the effect of which the 

volume of “free space” for electrons movement 

increased. This was also related to the fact that the 

applied heat treatment reduced the developed 

substructure, i.e. supported the formation of full grains 

defined with HAGBs (compare the decrease in LAGBs 

portions in Figures 2a and 4a, and Figures 3a and 5a). 

Figure 6 Comparison of electric conductivities for  

D15 and D15TZ swaged conductors and CP Cu 

4. CONCLUSIONS 

The presented research assessed the effects of selected thermomechanical processing performed via room 

temperature rotary swaging and subsequent heat treatment on Cu conductors. It namely focused on correlation 

of microstructures and electric conductivity. Rotary swaging to the diameter of 15 mm imparted grain 

refinement and formation of texture fibres, i.e. the polyhedron-shaped randomly oriented large grains observed 

within the original Cu were transformed into refined and arranged pancake-like shaped grains by the swaging. 

This change in the grains’ morphology was the main factor imparting the increase in electric conductivity to 

104 % IACS (100 % IACS was measured for the commercially available original Cu). The conductivity of the 

15 mm swaged and heat treated conductor then increased to 104.4 % IACS as the applied annealing reduced 

the volume of dislocations and promoted transformation of substructure to full grains defined with high angle 

grain boundaries. The swaged and annealed conductor featured not only high volume fraction high angle grain 

boundaries (97 %), but also almost 60 % of <111> 60° twin boundaries. 
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Abstract  

During cold forming of metastable austenitic steels, a strength-increasing phase transformation induced by 

externally superimposed stresses occurs in addition to strain hardening. The effect of deformation-induced 

martensite formation has so far not been utilized industrially in the area of bulk forming, but could be suitable 

for the production of highly-loaded components in oxidative atmospheres. The aim of this study is the analysis 

of local phase transformations in metastable austenitic steels in the boundary layer of bulk formed components. 

For this purpose, the relationship between the process conditions occurring during bulk metal forming and the 

resulting martensitic phase fraction was determined. Cylinder compression tests are carried out in which the 

influence of various process parameters can be investigated. These include forming temperature, true plastic 

strain and forming speed. In a quantitative measurement by means of a magnetic induction process, local 

martensite formation is determined and hardness measurements are carried out. The recorded flow stress 

curves are implemented in a numerical simulation. Furthermore, the influence of different tool surface 

topographies on the contact conditions of the workpiece-tool system is characterized by means of ring 

compression tests. With the numerical simulations and experimentally obtained results, a surface hardening 

process for bearing rings is designed. The relationship between local true plastic strain and deformation-

induced martensite development is explained by material flow simulations, taking into account the process 

route for manufacturing the bearing ring and the varying friction factors. 

Keywords: Bulk metal forming, phase transformation, local martensite formation 

1. INTRODUCTION AND MOTIVATION 

Bulk formed steel components are often subject to high mechanical and tribological loads [1]. In order to adapt 

their material properties, e.g. hardness, strength and ductility, they are heat-treated after forming. Stainless 

steels cannot be conventionally hardened and are seen unsuitable for high mechanical loads [2,3]. At room 

temperature, these steels are in an austenitic state with high formability [4]. During forming of metastable 

austenitic steels, the resulting strain hardening is significantly increased by an additional deformation-induced 

martensitic phase transformation. The phase transformation is accompanied by the introduction of 

compressive stresses due to the increase in volume of the martensitic phase, since the face-centred cubic 

(fcc) lattice prevailing in the initial state is more densely packed than the body centered cubic (bcc) lattice of 

the martensite [5]. In contrast to thermally induced hardening, this forming-induced hardening mechanism 

occurs when forming austenite below room-temperature. Numerous research papers have described the basic 

effects of phase transformation in metastable austenitic steels [6] , however not with application in bulk forming. 

Figure 1 shows the basic deformation-induced transformation process and the resulting solidification. The 

formed martensite consists of ferritic α'-martensite, which has a tetragonal-distorted bcc lattice structure, and 

of unstable ε-martensite with a hexagonal closest packed (hdp) structure. The lattice can transform into α'-

martensite under further stresses [7].  
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Figure 1 Hardening of metastable austenitic materials [8] 

The aim of this investigation is the local use of forming induced phase transformation in the surface layer of 

bulk components made of metastable austenitic steel X5CrNi18-10. The forming process is intended to 

specifically influence the material properties in the area near the surface and thus optimize the component 

properties especially the fatigue behavior of rolling contacts. For this purpose, the example of bulk formed 

angular contact ball bearing inner rings was investigated. To increase their service life, different tool surfaces 

and lubrication conditions are generated and investigated for their influence on the true plastic strain during 

forming.  

2. MATERIALS AND METHODS 

First, upsetting tests were carried out on forming simulators by Gleeble (type 3800-GTC) and Instron 

(plastometer, type DYNSJ5590), to determine the influence of the forming parameters true plastic strain, 

forming temperature and speed as well as the resulting phase transformation on flow stress curves. The 

specimens (∅10 mm x 15 mm; X5CrNi18) were tested at forming temperatures between T = -15 and 300 °C 

and with constant strain rates of _  = 0.1, 1 and 10 s-1. The samples were upset in steps to the true plastic 

strains φ = 0.1, 0.3, 0.5 and 0.7. The temperatures at -15 °C were achieved in a thermal forming container on 

the plastometer in order to keep the surrounding temperature constant. The specimens and the thermal 

container including the die were cooled down in a freezer to the forming temperature -15 °C beforehand and 

monitored with thermocouples (type K). The tests with temperatures from 20 °C and above were carried out 

on the Gleeble forming simulator. Subsequently, the samples were investigated by means of magnetic 

inductive analysis (Feritscope MP3C) and hardness measurements (HV1) with regard to the deformation-

induced martensitic phase transformation. 

To determine the friction values with different surface treatments and varying lubricants and forming 

temperatures, ring upsetting tests were carried out full factorial on a Weingarten eccentric press type PSR 160 

screw press. Various machining processes (grinding, blasting, turning) were used on the tool surface to 

investigate the contact conditions between the tool and workpiece surfaces and their influence on the 

deformation-induced martensitic phase transformation. In order to preserve the introduced surface topology of 

the tools, a duplex treatment (combination of nitriding and coating) of the surface layer was subsequently 

carried out. The manufacturing processes used enabled both direction-dependent and independent textures 

with varying texturing intensities. Three established lubricants for cold forging (molybdenum sulphide (MoS2), 

Teflon and CON TRAER G300) were investigated. The ring upsetting tests were also carried out at 
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temperatures of -15, 20, 150 and 300 °C in order to determine the thermal influence on the contact area. To 

determine the friction factors, the height and diameter differences of the upset rings were analyzed using 

corresponding nomograms. To keep the initial forming temperature constant and to achieve reproducible 

results, thermal containers were used during the forming process as well. 

The aim of the subsequent material flow simulation was the quantification of the local true plastic strain in the 

formed component to determine optimal forming conditions. The surface hardening of the contact surfaces of 

inner angular contact ball bearing rings should thus be achieved by means of a forming process. With the 

determined material data and the friction factors, a 2D model was created in the commercial FE system 

simufact.forming 16.0. The semi-finished products were meshed with the element type quads (10) and the 

element size 0.2 mm. For the simulation a screw press with a gross energy of 40 kJ, a max. ram speed of 

330 mm/s and an efficiency of 0.7 was predefined (analogous to the screw press used in the experiments). 

The final objective was to design a tooling system for the single-stage forming process which can be cooled 

with the sample and can be quickly installed and removed. 

3. RESULTS AND DISCUSSION 

Figure 2 (left) illustrates the martensite content and the true plastic strain for X5CrNi18-10 at different forming 

temperatures in the upsetting tests. It shows that a significant increase in the martensite content is possible 

through additional cooling while forming. As a result of the forming process, an increase in the martensite 

content was observed. The martensitic phase content with a forming speed of _  = 0.1 s-1 and a temperature 

T = 20 °C of 6.2 % was measured at the respective maximum true plastic strain of 0.7. Furthermore, the 

martensite content at the forming temperature -15 °C was around 22 %. Therefore, the forming temperature 

has a significant influence on the deformation-induced martensitic phase transformation in X5CrNi18-10.  

Figure 2 (right) shows the influences of the forming speed on the deformation-induced martensitic phase 

transformation under increasing true plastic strain. With higher deformations (true plastic strain > 0.3), a 

dependence of the forming speed with regard to the martensite content can be determined. The decrease of 

the martensite content with higher forming speed can be attributed to the adiabatic heating during upsetting 

tests with high forming speed. The resulting higher temperature leads to a suppression of the martensite 

transformation during forming.  

 

Figure 2 Martensite content in upsetting samples (X5CrNi18-10) influenced by forming temperature (left) and 

forming speed (right)   

Based on hardness values, deformation-induced martensitic phase transformation can be investigated as a 

function of true plastic strain, initial forming temperature and speed. With increasing true plastic strain, an 

increase in hardness can be achieved within the specimen, see Figure 3 a). For true plastic strains higher 

than φ = 0.1, the hardness values differ in the component areas. At a true plastic strain of φ = 0.7, the 

maximum hardness of 385 HV1 was determined in the centre area of the specimen (D) and the lowest 

hardness values of around 360 HV1 was measured in area (C).  
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Figure 3 b) shows the dependence of the forming speed on the resulting hardness. The results refer to the 

sample area (D) at a forming temperature of T = 20 °C. The hardness values were measured in specimens 

with the lower true plastic strains. At the low true plastic strains of φ = 0.1 and φ = 0.3, no influence of the 

forming speed on the hardness could be determined. Here, hardness values of 250 ±10 HV1 for the true plastic 

strain of 0.1 and 300±2 HV1 for the true plastic strain φ = 0.3 could be determined. An influence of the forming 

speed on the deformation-induced martensitic phase transformation could only be determined at a true plastic 

strain of 0.7. The lower the forming speed, the higher the hardness values. These results could also be 

attributed to the above-mentioned effect of adiabatic heating. The higher the forming temperature or the 

resulting component temperatures due to the dissipation heat, the more the deformation-induced martensitic 

phase transformation is reduced. 

 

Figure 3 Hardness of X5CrNi18-10 of different true plastic strains φ in different part areas (a) and hardness 

under different strain rates while forming (b) 

The upsetting tests with true plastic strain of 0.7 are used to determine the flow curves of X5CrNi18-10 for the 

numerical process design at process-relevant temperatures between T = -15 and 300 °C with constant strain 

rates of _  = 0.1, 1 and 10 s-1. Figure 4 shows the flow curves for _  = 0.1 and 10 s-1 determined as a function 

of forming temperature and speed. The flow curves show a strong temperature dependence since the flow 

stress of the material decreases with an increasing forming temperature. Furthermore, a small strain rate 

dependence can be seen in this temperature range. The flow stress increases slightly with increasing forming 

speed.  

 

Figure 4 Flow curves of X5CrNi18-10 with varied temperatures and forming speed 
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The influence of the set surface topologies in combination with the different lubricants on the contact conditions 

of the workpiece - tool system was characterized by means of ring upsetting tests on the Weingarten screw 

press, see Table 1. The following table summarizes the results of these investigations. The resulting surface 

topologies of the respective manufacturing processes are shown in Table 1. Three-dimensional optical surface 

measurements (Keyence VR 3200) were carried out to characterize the texturing intensities. In addition to the 

different surface topologies of the tools, different lubricants were also considered within the scope of these 

investigations. The lubricant used has a decisive influence on the tribological system between tool and 

workpiece thus on the friction between these components (e.g. displacement or lubrication pocket effect).  

The lowest friction factor of 48 variants at T = 20 °C of m = 0.38 was determined using MoS2 in combination 

with the blasted surface topology. The highest friction factor m = 1 could be determined independently of the 

lubricant with the surface topology turning II. In this case the workpiece adheres to the tool during forming. In 

practice, this would lead to extreme tool wear and high tool loads. The next highest friction factor of m = 0.60 

was determined for the combination of molybdenum sulphide and the surface topology via grinding. These 

three friction factors are applied in the numerical process design in a friction factor model to portray the 

bandwidth of possible conditions. For all simulations, the initial workpiece and tool temperature of 20 °C was 

used as flow behavior of X5CrNi18-10 in the temperature range down to -15 °C hardly differs. 

Table 1 Influence of surface topologies and lubricants on the friction factor at 20 °C 

 
Machining processes 

Grinding Blasting Turning I Turning II 

Achievable average 
roughness ¼½ (µm) 

1.18 2.99 2.21 18.4 

Max friction factor ¾ 
0.60         

(MoS2) 
0.52        

(Graphit) 
0.58         

(MoS2) 
1.00                          

(MoS2, Teflon, Graphit) 

Min. friction factor ¾ 
0.45        

(Teflon) 
0.38         

(MoS2) 
0.43        

(Teflon) 
1.00                           

(MoS2, Teflon, Graphit) 

Figure 5 shows the designed forming process (left) and the true plastic strain reached with different friction 

factors at T = 20 °C (right). Further, the figure shows the simulation results of the forming process taking into 

account the min./max. friction factors achieved depending on surface topology and lubricants. Furthermore, 

examples of rolling elements and their contact areas are shown. 

 

Figure 5 Numerically investigated forming process under variation of lubricant and surface topology at a 

forming temperature of T = 20 °C 

Due to the designed forming process, the workpiece material is expanded and flows slightly over the die 

shoulder, which is reflected in inhomogeneous true plastic strains in the area of the running surface. The 

influence of the friction factors m = 0.39 and 0.6 is low considering the individual boundary conditions via 

surface topology and the lubricant. The true plastic strain could only be further increased by means of deep 

turning grooves and high friction factors (Turning II), which would not be practicable in technical implementation 
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and lead to low tool service life. Nevertheless, the true plastic strain achieved in the area of the running surface 

of the angular ball bearing ring even exceeds the values previously determined in the upsetting tests. 

Therefore, it can be assumed that a higher strength is achieved in the forming process.  

4. CONCLUSION AND OUTLOOK 

With the designed process, it is possible to produce the desired bearing inner ring preform by bulk forming. 

However, differences were determined with regard to the local true plastic strain. It is shown that the reached 

true plastic strain leads to high hardness and strength, since more martensite is generated. The forming 

process at lower temperatures should significantly increase the service life of the angular contact ball bearings 

made of stainless steel X5CrNi18-10. 

Further, the preforms of the ball bearing inner rings will be produced by forming and afterwards machined to 

its final geometry. The service life of the components will then be investigated by a developed test stand. 

Furthermore, the influence of a higher degree of forming is to be investigated by using an extrusion process 

for component manufacture. 
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Abstract 

The paper presents the results of the effect of deformation parameters on the hot-deformation behavior of the 

newly developed multi-phase steel assigned for production of forged machine parts. Continuous and 

interrupted compression tests of the samples after the given deformation were carried out with the use of the 

Gleeble 3800 thermomechanical simulator. The samples were tested in the temperature range from 900 °C to 

1100 °C at the rate of 0.1s-1 and 1s-1. Basing on the analysis of the form and the course of curves obtained in 

the compression test, it was found that in the studied range of parameters of hot plastic deformation, the 

decrease of strain hardening of studied steel is caused by the process of dynamic recrystallization. This is also 

confirmed by calculation results of activation energy of plastic deformation process. Executed hot compression 

tests will contribute to establishing conditions of forging of newly developed multi-phase steel with the method 

of thermo-mechanical treatment. 

Keywords: Multi-phase steel, hot plastic deformation, dynamic recrystallization, thermo-mechanical 

treatment 

1. INTRODUCTION 

Modern construction materials should combine high strength, ductility, resistance to cracking and often show 

high fatigue strength. In the case of steels intended for forgings, it is also very important to ensure adequate 

hardenability and machinability by machining, with at the same time reduced production costs, significantly 

dependent on the concentration of alloy additions introduced into the steel [1-4]. 

In recent years, there has been a continuous increase in interest in multiphase steels with potential application 

for die forgings for the automotive industry [5-8]. The forgings made of multiphase steels, in addition to high 

strength, should be resistant to cracking, also under impact loads, high fatigue strength and reduced weight 

with minimal technological allowances [9,10]. A special feature of these steels is the presence of plastic 

retained austenite, which enables the simultaneous increase in strength and ductility of multiphase steels. 

Despite the research conducted, mainly by Japanese and German units [11-13], the optimal conditions for hot 

deformation and cooling profiles enabling the combination of all the aforementioned mechanical, technological 

and operational properties have not been developed so far. One of the main problems is the lack of 

homogeneity of the austenitic phase, in particular the uncontrolled martensitic transformation of block grains 

of this phase into martensite under mechanical load conditions, which may be the cause of crack initiation and 

propagation during the next load cycle [14]. 

Obtaining the desired multi-phase structure with the correct proportions of individual components requires the 

knowledge of the diagrams of austenite phase transformations. The authors published the results of these 

studies in earlier works [15,16]. The aim of this work is to investigate the influence of temperature and 

deformation rate on hot-deformation behavior of the newly developed multi-phase steel. 
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2. EXPERIMENTAL PROCEDURE 

The chemical composition of the analyzed steel is summarized in Table 1. The metallic charge in the form of 

Armco iron sheets, carburizer in the form of synthetic graphite, FeSi75A ferroalloy and pure Mn was melted in 

the VEM I20 electric induction furnace. The pouring temperature of the molten steel was measured using a Pt-

PtRh10 thermocouple. The pouring temperature was 1672 °C. The chemical composition of ingots with a 

diameter of 30 mm and a length of 400 mm was determined using the LECO GDS500A Glow Discharge 

Emission Spectrometer. 

Table 1 Chemical composition of the tested steel [wt%] 

C Mn Si P S Cr 

0.165 2.03 1.11 0.014 0.02 0.028 

In order to determine the influence of temperature and deformation rate on changes in yield stress and steel 

structure, plastometric tests were carried out with the use of the Gleeble 3800 simulator. Axial symmetric 

samples with a diameter of 10 mm and a length of 15 mm were used for the tests. In order to determine the σ-

ε curves and the activation energy of the plastic deformation process, continuous compression tests of the 

samples to a deformation of 0.69 were carried out, with using graphite-tantalum foils reducing the friction 

between the faces of the samples and the anvil surface. The samples were resistance heated in a vacuum at 

the rate of 3 °C/s to the austenitizing temperature of 1150 °C, annealed in it for 30 s and then cooled to the 

programmed plastic deformation temperature, which was 1100 °C, 1050 °C, 1000 °C, 950 °C and 900 °C. 

Compression of the samples was performed with the deformation rates of 0.1s-1 and 1s-1. Additionally, the 

samples after the given deformation of 0.2 and 0.69 were quenched in water. The activation energy of the 

plastic deformation process Q was calculated on the basis of the obtained results, using the ENERGY 4.0 

software based on the dependence [17]: 

ɛ = A�sinhGασJ�Å exp ¡− ÆÇÈ£             (1) 

where: 

A, α, n - constants, 

ɛ̇ - deformation rate, 

σ - stress value corresponding to the maximum yield stress, 

T - deformation temperature, 

R = 8.314 J·mol-1·K-1 - gas constant. 

Next, performed the metallographic tests of samples that were immediately cooled water after plastic 

deformation. The specimens were made in the plane consistent with the sample axis, at a distance of 1/3 from 

the center of the sample. The metallographic specimens were etched in 5% nitrile and then examined using 

the Zeiss Observer.Z1m light microscope. 

3. RESULTS AND DISCUSSION 

The conducted tests of continuous compression of samples in the temperature range from 900 °C to 1100 °C 

allowed to determine the influence of deformation parameters on the course of the strengthening curves σ-ε 

(Figure 1). In the initial phase of compression, in the strain hardening range ε<0.025 (Figure 1a), the σ-ε 

curves showed an increase in yield stresses due to the increasing density of dislocations generated in this 

process. In the next phase of compression, with an increase in the strain from approx. 0.025 to εm, which 

corresponds to the maximum stress value, a milder increase in stress occured. This indicates that 

simultaneously with the generation of new dislocations by the sources during plastic deformation, thermally 

activated processes take place, causing a partial disappearance of the emitted dislocations. For the 
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deformation εm<ε<ε=0.69, the strengthening curves are characterized by a mild decrease of yield stresses to 

the value of the equilibrium state between the strengthening processes and its decrease due to the course of 

thermally activated processes. The shape and course of the curves obtained in the compression test with a 

rate of 0.1s-1 (Figure 1a) indicate that the decrease in strain hardening in the temperature range used is the 

result of a continuous dynamic recrystallization process. The hardening curves of the tested steel obtained 

after compression with the rate of 1s-1 are shown in Figure 1b. In this case, dynamic recrystallization is a 

process that controls the course of plastic deformation in the temperature range from 1000 °C to 1100 °C. 

However, at the temperature of 900 °C and 950 °C, this process is dynamic recovery. 

 

Figure 1 Influence of temperature and deformation rate on the course of σ-ε curves 

Detailed results of plastometric tests are presented in Table 2. The data presented in this table and in Figure 2 

show that the value of deformation εm decreases with increasing test temperature and decreasing the rate of 

deformation.  

Table 2 Parameters of continuous compression of samples 

L.p. 
Temperature of 

deformation [°C] 
Rate of deformation ɛ̇ 

[s-1] 
Maximum deformation 

εm 
Maximum yield stress 

σm [MPa] 

1. 900 0.1 0.433 154.4 

2. 950 0.1 0.312 130.7 

3. 1000 0.1 0.299 102.1 

4. 1050 0.1 0.256 87.1 

5. 1100 0.1 0.186 74.3 

6. 900 1 0.568 188.3 

7. 950 1 0.454 159.5 

8. 1000 1 0.389 138.1 

9. 1050 1 0.331 124.9 

10. 1100 1 0.251 107.4 

For a deformation rate of 0.1s-1, the reduction of the plastic deformation temperature from 1100 °C to 900 °C 

causes an increase in the maximum yield stress σm from approx. 74 MPa to approx. 154 MPa and the strain 

εm from approx. 0.19 to approx. 0.43. Lowering the deformation temperature in the same range of compression 
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temperature at the rate of 1s-1 influences the increase of σm from approx. 107 MPa to approx. 188 MPa, with 

a simultaneous increase of εm from approx. 0.25 to approx. 0.57. 

The performed calculations of the plastic deformation activation energy confirm that for the applied conditions, 

the dominant mechanism controlling the course of deformation is dynamic recrystallization. The activation 

energy of plastic deformation of the tested steel is Q = 375 kJ·mol-1, while the constant values in equation (1) 

for the stresses corresponding to the deformations εm are: A = 3.02·1012, α=0.016, n=3.9. The obtained value 

of the plastic deformation activation energy is much higher than the self-diffusion activation energy, when the 

process controlling the course of plastic deformation is dislocation climbing and subgrain formation.  

  

Figure 2 Influence of temperature and rate of deformation on the values of deformation εm 

The conducted metallographic tests allowed to determine the influence of plastic deformation parameters on 

the structure of the analyzed steel. For example, Figure 3 shows the structures of the tested steel revealed 

after the samples were compressed at the temperature of 1100 °C at the rate of 1s-1. The samples of the tested 

steel, hardened in water after obtaining the deformation of 0.2 and 0.69, show a martensitic structure with a 

small share of retained austenite (Figure 4).  

 

Figure 3 Martensitic structure with a small share of retained austenite of steel hardened in water after a 

given deformation: a) 0.2, b) 0.69; plastic deformation temperature:1100 °C 

Retained austenite was revealed by etching the sample with Klemm's reagent staining it white. The presence 

of this phase was confirmed by the authors in [16,18]. As expected, the deformed samples with a higher degree 

of deformation show greater fragmentation of the structure. 
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Figure 4 Martensitic structure with a small proportion of retained austenite (white colored) of steel hardened 

in water after deformation 0.69; plastic deformation temperature: 1100 °C 

4. CONCLUSION 

The analysis of the shape and course of the strengthening curves obtained in the compression test shows that 

in the tested range of deformation parameters, dynamic recrystallization is the main thermally activated 

mechanism controlling the process of plastic deformation. This is also confirmed by the results of calculating 

the activation energy of the plastic deformation process. The obtained value (Q=375 kJ·mol-1) - clearly higher 

than the activation energy of self-diffusion - is similar to the Q values obtained in the works [19,20]. 

Samples cooled in water directly from the plastic deformation temperature - regardless of the deformation rate 

used, show a martensitic structure with a small share of retained austenite. 

The next stage of the research will be interrupted compression tests for a given deformation with isothermal 

strength of the samples between successive stages of deformation. They will allow to determine the kinetics 

of plastically deformed austenite recrystallization. Such a comprehensive approach will make it possible to 

develop a technology for the production of forgings from the tested steel using the thermo-plastic treatment 

method. 
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Abstract 

The paper deals with the design of the technology for the production of the cover stamping to achieve 

the minimum cost of one piece of the produced component. By calculation, the minimum values of the radius 

of curvature of the edge of the draw die and the edge of the draw punch were determined to eliminate 

the calibration operation. The shape and dimensions of the blank for the cover stamping were determined 

by several methods and then compared. Simulations of the drawing process allowed the locations with 

the greatest thinning to be analyzed and the drawability of the stamping from each alternative of the blank 

shape to be verified. The results of the simulations showed the highest suitability of the blank determined 

by the Autodesk Inventor program and also by the BSE module in Dynaform. The simulation results further 

demonstrated the necessity to increase the radii of curvature of the drawing edge of both the draw die 

and the draw punch to a value of 4 mm, which allows the fabrication of a defect-free cover stamping without 

the need for subsequent calibration. The use of the simulation program in the technological preparation phase 

of production allowed one to optimise the drawing process by a suitable design of the shape of the blank 

and also allowed one to design a change in the shape of the stamping which eliminated the formation 

of cracks at its bottom during drawing. 

Keywords: Drawing, stamping, technology, sheet, simulation 

1. INTRODUCTION 

Plate forming technology has multiple applications in manufacturing due to minimal waste and low production 

costs, but only under the assumption of low scrap in the mills. The cause of rejects is often the lack 

of technology of the manufactured parts, which exceeds the limits of formability of the material or incorrectly 

chosen shapes of the blanks.  

For the production of deep- or complex- shaped stampings, it is necessary to choose a deep-drawing steel 

with good formability [1]. Another important property of the material is its weldability and post-weld properties 

in the heat-affected zone [2]. The most commonly used material in the Czech Republic is DC04 killed steel, 

which is produced by continuous casting and hot rolling [3]. The mechanical properties of sheet metal can be 

increased in some applications, for example, by the unconventional forming method DRECE (Dual Rolls Equal 

Channel Extrusion) [4-6]. 

When designing a drawing tool, it is advisable to verify its functionality by simulating the drawing process 

before manufacturing. It is necessary to design the appropriate shape of the blank, dimensions, and material 

of the blank and to verify the suitability of the designed shape of the components for the sheet metal drawing 

production method. The method of deformation networks [7] can be used to analyze material flow 

in the drawing process. In some cases, after selecting a suitable production method, it is necessary to modify 

the shape or even the properties of the component so that it is easier to produce by the selected production 

method while maintaining the required performance characteristics. In the subsequent manufacturing process, 

a properly designed maintenance organisation [8,9] and the monitoring and prevention of defects [10] are 
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important. The achievement of maximum productivity while eliminating waste can be achieved, for example, 

by using the Value Stream Mapping Method [11] and the good design of the distribution warehouse [12]. 

2. COVER STAMPING 

The initial dimensions of the 1 mm thick sheet metal cover stamping are shown in Figure 1. A stamping model 

was created in Autodesk Inventor based on the fabrication drawing of the cover supplied by the client 

(Figure 2). 

  

Figure 1 Dimensions of the cover stamping Figure 2 Model of the cover stamping 

3. DESIGN OF THE TECHNOLOGICAL PROCEDURE FOR THE PRODUCTION OF THE STAMPING 

Due to the small radii of curvature both between the flange and the vertical wall of the stamping, and between 

the vertical wall of the stamping and the bottom of the stamping, it is advisable to check at the outset whether 

these requirements make it necessary to produce a given cover stamping in two operations, drawing, 

and calibration. Therefore, the values of the minimum radii of the die-drawing edge and the punch-drawing 

edge were calculated. 

According to CSN 22 7303 "Drawing of Hollow Square Stampings", the optimum size of the radius of the die 

drawing edge can be calculated from equation (1): 

|opt = G6 ÷ 10J [ M (1) 

where: 

t - thickness of sheet metal (mm). 

Higher values of the radii of curvature of the die drawing edge cause that a larger area of the sheet metal is not 

clamped between the parts of the tool, thus there is a greater risk of secondary wrinkling (wrinkling 

of the stamping walls). Small values of the radii of the die drawing edge increase the drawing force and also 

increase the risk of bottoming out due to higher radial stresses in the stamping. 

The minimum radius of the die drawing edge can be calculated according to equation (2): 

   tdDr  5005,0min1  (2) 

where: 

D - size of the drawing die (mm), 

d - size of the drawing punch (mm), 

t - thickness of sheet metal (mm). 
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By substituting the values for the solved cover stamping in equation (2), the minimum radius of the die drawing 

edge r1min = 2.55 mm was found. 

The size of the drawing gap in the longitudinal parts of the drawing tool (according to CSN 22 7303) can be 

calculated from equation (3): 

Mm = G1.15 ÷ 1.30J [ M (3) 

Since the designed cover stamping is dimensionally small, the coefficient value of 1.15 was chosen in equation 

(3), that is, the resulting value of the size of the drawing gap in the longitudinal parts of the drawing tool 

tm = 1,15 mm. 

The size of the drawing gap in the corner parts of the drawing tool (according to CSN 22 7303) can be 

calculated from equation (4): 

Mmr = 1.30 [ M (4) 

For the production of a cover from 1 mm thick sheet metal, the size of the drawing gap in the corner parts 

of the drawing tool must be used tmr = 1,30 mm. The minimum radius of curvature of the punch drawing edge 

was determined from the exact drawn condition at the corner of the drawing tool: r2 = 1,83 mm. From 

the calculated values of the minimum radii of the drawing edge of the drawing tool and the punch drawing 

edge, it is clear that the values of the radii on the cover stamping display (Figure 1) cannot be achieved 

directly by drawing, but only by a combination of drawing and subsequent calibration. Since drawing 

and subsequent calibration are costly due to the need to produce two forming tools, a modification of the cowl 

extrusion shape was designed to match the original design of the extrusion shape as closely as possible, but 

to be produced with only one forming tool, i.e. one drawing operation. 

4. CREATION OF THE BLANK MODELS FOR COVER STAMPING DRAWING 

After importing the final stamping model (Figure 2) with trimming allowances, a cut shape was generated using 

the BSE module in Dynaform (Figure 3). 

For the manufacture of the cover stamping, DC04 (11 305.21) deep-drawing steel with a thickness of 1 mm 

was chosen. 

Subsequently, a finite element mesh was generated on the blank model according to the contour of the blank 

forming the boundary line, which formed the shell of the blank model. 

The determination of the shape and size of the blank was carried out using other methods - the method 

according to CSN 22 7303, where a technological allowance for the shape sharpening of 5 mm was added, 

the method of cuts, method using the Autodesk Inventor program, and method using the maximum shear 

stress trajectories. A comparison of all the alternatives of the blank shapes to draw the cover stamping is 

shown in Figure 3. 

 

Figure 3 Comparison of blank shapes for drawing the cover stamping determined by different methods 
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5. NUMERICAL SIMULATION OF THE FORMING PROCESS 

5.1. Modifying blank models in Dynaform 

The blank model was created in the Autodesk Inventor program as an igs file and then imported into Dynaform. 

Each model was created from lines and surfaces only; the element mesh had to be created in the "Preprocess" 

module in the "Element" tab. The size of the elements was chosen to be 1.5 mm. Excess surfaces and lines 

were removed to create a surface of zero thickness. Finally, a check of the direction of the element normals 

("Auto plate normal"), a check of the overlapping elements ("Overlap element") and the continuity of the mesh 

("Display model boundary") was performed on the created elements. All blanks were adjusted in this way. 

5.2. Calculation of the required holding force for the alternatives of the blank shape 

Because each blank has different shapes and dimensions, the area of contact between the blankholder 

and the blank (called the effective area of the blankholder) is different in each case. 

The required holding force was determined from the following equation: 

Ìp = Íp [ �p (5) 

where: 

pp - specific holding pressure (mm), 

Sp - the effective area of the blankholder (mm2). 

The specific pressure of the blankholder was chosen to be 2 MPa and the effective area of the blankholder 

was calculated using Autodesk Inventor. 

5.3. Specification of simulation conditions and performing simulations 

To simulate the drawing process, tools were created, and the following were defined: material of the blanks, 

shape and dimension of the blank, tool path, force of the blankholder, speed of the draw punch, etc. Setting 

and defining all the boundary conditions of the forming process was done in the Tools menu in the Dynaform 

menu bar. In order to compare the alternatives of the blanks and also to check the design of the working parts 

of the forming tool for the drawing of the cover stamping, simulations of the flat forming process were carried 

out in Dynaform. Since the objective of the analysis was to check the design of the working parts 

of the forming tool to draw the cover stamping, the mechanical and plastic properties of the formed material 

(see chapter 4) were taken from the Dynaform material library. The following input parameters were set 

for the simulations: finite element mesh element size 0.5 mm, shear friction coefficient 0.13, pull-out 

temperature 20 °C, initial sheet thickness 1 mm. In critical areas of the stamping where large plastic 

deformations exist, Dynaform automatically performed mesh thickening during the calculation. Simulations 

of the drawing process with the use of different blank shape alternatives (Figure 3) were performed, and then 

the individual analyzes were displayed in the post-processor (see chapter 6). 

6. SIMULATION RESULTS 

After simulations of the forming process of the cover stamping from the different alternatives of the blank 

shape in Dynaform software, individual analyzes were carried out, from which the following were selected 

as examples: analysis of the drawability of the cover stamping using the forming limit diagram of the sheet 

used (Figure 4), analysis of normal strain, analysis of material thickness after drawing (Figure 5), analysis 

of sheet thinning and analysis of the edge movement of the blank during drawing (Figure 6). The analyzes 

show that the maximum strain values are at two opposite rounded locations in the curvature between 

the bottom and the vertical wall of the stamping. The thinning of the sheet metal is also greatest at these 

locations. 
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Figure 4 Analysis of the drawability of DC04 low carbon steel cover stamping using the sheet forming limit 

diagram (blank by Autodesk Inventor, 3 mm draw die and also draw punch curvature) 

 

 

Figure 5 Analysis of the thickness 

of the material (mm) after drawing 

the cover stamping (blank by Autodesk 

Inventor, 3 mm draw die and also draw 

punch curvature) 

Figure 6 Analysis of the movement of the blank edge (mm) 

during the drawing of the cover stamping (blank 

by Autodesk Inventor, 3 mm draw die and also draw punch 

curvature) 

When using the radii of curvature of the drawbar and the drawbar edge as originally requested by the client 

(Figure 1), cracking occurs when using all alternatives to the blank shape. Therefore, the cover would have 

to be produced in two operations, drawing and calibration. The production of the forming tool for the calibration 

operation would be costly and the production of the cover stamping would be more time consuming. For these 

reasons, modifications were made to the drawing tool models to increase the radius of curvature 

of the drawing edge of the draw die and later the radius of curvature of the drawing edge of the draw punch. 

The curvature radii of the draw die r1 = 2 mm and the draw punch r2 = 2 mm were used successively, then 

r1 = 3 mm and r2 = 2 mm and finally r1 = 3 mm and r2 = 3 mm. Simulations of the cover stamping process 

showed a reduction of the critical failure area with increasing values of the radii of curvature of the drawing 

edges. The last alternative with both drawing edge radii of 3 mm no longer showed the development of failure 

and is therefore a suitable design for production by drawing without a subsequent calibration operation. 

7. CONCLUSIONS 

The cover stamping production technology was designed to achieve the minimum cost of one piece 

of the manufactured component. The minimum values of the radius of curvature of the drawing edge 

of the draw die and the drawing edge of the draw punch were determined by calculation in order to eliminate 

the calibration operation. The shape and dimensions of the blank for the cover stamping were determined 
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by several methods (the method according to CSN 22 7303, the cut method, the method using maximum 

shear stress trajectories, the method using the Autodesk Inventor program, and the method using the BSE 

module in Dynaform software) and then compared. Simulations of the drawing process allowed to analyse 

the locations with the greatest thinning and to verificate the drawability of the stamping from the different 

alternatives of the blank shape. The results of the simulations showed the highest suitability of the blank 

determined by the Autodesk Inventor program and also by the BSE module in Dynaform and at the same time 

the lower suitability of the blank determined by the method according to CSN 22 7303. Therefore, the method 

of generating the shear shape from the 3D model of the stamping in the simulation program can be 

recommended to design the shape and size of the blank to draw stampings of similar shape. The simulation 

results further demonstrated the necessity to increase the radii of curvature of the drawing edge of both 

the draw die and the draw punch to a value of 3 mm, which allows the fabrication of a defect-free cover 

stamping without the need for subsequent calibration. The use of the simulation program in the technological 

preparation phase of production allowed one to optimise the drawing process by a suitable design 

of the shape of the blank and also allowed one to design a change in the shape of the stamping which 

eliminated the formation of cracks at its bottom during drawing. 
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Abstract    

The tests on high-Mn of 27Mn-4Si-2Al-Nb type steel were carried out. The steel was solution heat-treatment 

at different temperatures in a range from 900 °C to 1200 °C. The tensile testes had performed at room 

temperature under a strain rate of 2.5·10−3 s−1 on of the flat specimens were 6.35 mm in length and 3 mm in 

diameter and a gauge length of 25 mm. Effect of different grain size on microstructure and strain hardening 

behavior of high-Mn steel solution heat-treated was analyzed. The strength properties increase considerably 

with a decrease of grain size from 360 μm to 20 μm, where in the critical grain growth took place between 

1000 °C and 1100 °C. The inverse relationship was confirmed between the grain size and ductility. The uniform 

elongation was increasing from 35 % to 45 % along with the increasing of grain size in the temperature range 

from 900 °C to 1100 °C and dramatically decreasing at the temperature 1200 °C to the 23 % by grain size 

360 μm. Aluminium has segregated on the austenite grain boundaries in steel was solution heat-treated at 

1200 °C and the intermetallic phase of Fe2Al5 type was observed. The morphological examination after 

stretching was carried out in a light microscope, high-resolution scanning electron microscope and EBSD 

analysis. 

Keywords: Solution heat-treatment, high Mn steel 

1. INTRODUCTION 

High-Mn TWIP steels are by triggering the austenite to twin on deformation. The twin boundaries behaving like 

grain boundaries, strengthening the steel, resulting, again in both high strength and excellent ductility. TWIP 

steels have fully austenitic and obtain their good properties better properties than TRIP with a uniform 

elongation twice that of TRIP steel and a considerably higher ultimate strength and n value [1,2]. Grain size 

considerably affects the strengthening of high-Mn steel. Yuan et al. [3] researched the high-manganese 

austenitic steel, produced in the process of cold rolling, subsequently subjected to solution heat treated in a 

temperature range from 700 °C to 1000 °C. They revealed that along with increasing grain size from 2 μm to 

30 μm, YS0.2 decreased from approx. 400 MPa to about 230 MPa, UTS decreased from approx. 720 MPa to 

about 510 MPa, while uniform elongation increased more than thrice, i.e. from approx. 15 % to about 55 %. 

The increase of elongation in coarse-grained steels should be explained by the nucleation of mechanical twins 

at grain boundaries and easy increase of their quantity inside the grains. Whereas, a relatively low quantity of 

grain boundaries in coarse-grained steels is the reason for the reduced yield strength [4,5]. 

2. EXPERIMENTAL PROCEDURE 

The tests were carried out on high-manganese steel 27Mn-4Si-2Al-Nb with the chemical composition given in 

Table 1. In order to obtain structures of different grain sizes, the steel was solution heat treatmen in the 

temperature range from 900 °C to 1200 °C. The steel was annealed in water from 900 °C, 1000 °C, 1100 °C 

and 1200 °C, with prior heating for 60 minutes, at each of the given temperatures. The metallographic tests 
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were carried out using ZEISS Axio Observer Z1m light microscope. Metallographic samples were prepared 

using the classical method, i.e. incubated, ground and polished mechanically. In order to reveal the 

microstructure, prepared metallographic specimens were etched in 4 % nital. In accordance with the ASTM 

E112-10 standard [6], the average diameter of austenite grains was measured. 

Table 1 Chemical composition of analyzed steel 
 

C Mn P S Si Al Nb N O 

0.040 27.5 0.002 0.017 4.2 2.0 0.033 0.0028 0.0007 

In order to determine the effect of solution heat treatmen temperature on mechanical properties, a static tensile 

test was carried out in according with ASTME8/E8M-15 standard [7]. The tests were carried out using the 

Zwick Z100 universal testing machine, equipped with an extensometer for measuring elongation. Flat samples 

dimension of 6.35 mm x 3 mm and measuring length of 25 mm were strained with a constant strain rate of 

2.5∙10-3 s-1, at room temperature. Based on a static tensile test, the yield stress YS0.2, ultimate tensile strength 

UTS, uniform elongation UEl and the reduction in area RA were determined. For each solution heat treatmen 

temperature, three tensile tests were performed and then the results were averaged. On the basis of the 

conducted research, the work hardening exponent n* was determined as a function of increasing plastic 

deformation: 

L∗ = �GÎÅ ÏJ�GÎÅ �J (1) 

The work hardening exponent n* was determined in the range from the actual deformation corresponding to 

the conventional yield stress to the maximum tensile stress value corresponding to the initiation of the neck 

formation in the sample. The fracture of the samples obtained after a static tensile test were examined in the 

SUPRA 35 scanning electron microscope from ZIESS, using an accelerating voltage of 15 kV and a 

magnification in the range from 1000x to 20000x. The chemical composition of the revealed non-metallic 

inclusions was identified using the EDS energy dispersive X-ray spectrometer produced by EDAX TRIDENT 

XM4. EBSD research allowed to obtain phase maps, grain distribution maps and IQ quality distribution maps. 

3. RESULTS AND DISCUSSION 

The structure of high-manganese steel 27Mn-4Si-3Al-Nb obtained by solution heat treatmen in water in the 

temperature range from 900 °C to 1200 °C is presented in Figure 1. This figure shows that the size of austenite 

grains increases with increasing a solution heat treatmen temperature. The fine-grained structure is visible in 

steel annealed in water from 900 °C and 1000 °C, and the average grain size is 21 μm and 56 μm respectively. 

Above 1000 °C, a rapid increase in austenite grains was observed. Steel annealed from 1100 °C and 1200 °C 

has a coarse structure, and the average diameter of austenite grains is 226 μm and 360 μm respectively. 

Results confirming the effect of solution heat treatmen temperature on grain size are presented in Table 2.  

Table 2 Effect of solution heat-treated temperature on the grain size 

Solution heat-
treatment 

temperature (°C) 

Average 
diameter 

(μm) 

Average 
grain area 

(μm2) 

YS0.2 

(MPa) 

UTS 

(MPa) 

UEL 

(%) 

RA 

(%) 

900 20.7 458.9 454±16 784±19 35.1±2.9 41.6±2.0 

1000 56.2 2954.5 406±12 705±15 38.3±1.6 43.0±1.2 

1100 226.4 47651.8 345±13 658±21 45.0±0.9 48.0±1.0 

1200 360.0 128991.0 535±11 635±25 23.6±2.0 37.5±3.5 
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As grain size increased, an increase in the number of annealing twins was also observed. The rapid growth of 

austenite grains above 1000 °C is probably caused by the dissolution of Nb carbonitrides and the system 

approaching the minimum of energy that is accumulated in all grain boundaries. Based on the obtained results, 

the effect of solution heat treatme temperature and thus the grain size on the mechanical properties of high-

manganese steel was observed (Figure 2). The obtained results are presented in Table 2. In the temperature 

range from 900 °C to 1100 °C, the value of the yield stress YS0.2 decreased from 454 MPa to 345 MPa and 

the ultimate tensile strength UTS from 784 MPa to 658 MPa. As a result of increasing the solution heat 

treatmen temperature in the range from 900 °C to 1100 °C, the plastic properties i.e. the value of uniform 

elongation increased from 35 % to 45 % and the reduction in area from 41 % to 48 %. The sample annealed 

from 1200 °C showing the largest grain size changed this relationship. It showed the lowest elongation and 

reduction in area values (23 % and 35 %) at the highest yield stress of YS0.2 = 535 MPa. As expected, the 

diversified size of austenite grain size has an important impact on the strength and plastic properties of 27Mn-

4Si-2Al-Nb steel. 

 

Figure 1 Austenitic structure with many annealing twins after solution he from temperature: 900 °C (a), 

1000 °C (b), 1100 °C (c), 1200 °C (d) 

Thanks to the static tensile test, the values of the work hardening exponent in the function of true strain were 

also determined. Steel as a result of deformation strengthened, as presented in Figure 3. The steel 

strengthening process depends on the size of the grain, including the solution heat treatmen temperature, 

which correlates with the stress-strain curves shown in Figure 3. The greatest strengthening is shown by steel 

solution heat treatmen in water from the temperature of 1100 °C with the greatest elongation and reduction in 

the area. As the grain size increases, deformation twins are easily formed, which inhibit the dislocation path 

and eventually strengthen the material. The lowest value of the work hardening exponent is shown by steel 
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solution heat treatmen in water at the temperature of 1200 °C. Regardless of the solution heat treatmen 

temperature, the fracture of the tested samples is ductile with many craters and voids of various sizes 

(Figure 4).  

 

 

 

Figure 2 The stress-strain curves in the function of 

the solution heat treatmen temperature 

Figure 3 Dependence the work hardening 

exponent in the function of the deformation 

 

Figure 4 The fracture surface of samples of steel 27Mn-4Si-2Al-Nb after the tensile test; the solution heat 

treatmen temperature: 900 °C (a), 1000 °C (b), 1100 °C (c), 1200 °C (d) 
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As the solution heat treatmen temperature increased above 1000 °C, an increase in the size of voids and 

craters was observed, which correspond to the grain size. On the surfaces of fractures, non-metallic inclusions 

are located inside the craters. On the basis of qualitative analysis, it was confirmed that these was the most 

frequently complex non-metallic inclusions of the MnS-AlN (Figure 5) or AlN type. Qaban et al. in their work 

[8] showed that MnS type inclusions are convenient places for the locating of AlN nitrides, which are very 

detrimental to the ductility of steel. MnS-AlN and AlN particles in TWIP steels were also observed by Hongo 

et al. [9]. Yang et al. [10] showed that voids formed around non-metallic inclusions are coalescence due to 

increasing deformation and stress concentration. Such interactions with non-metallic inclusions and voids were 

observed on the fracture surface on samples annealed with the temperature of 1200 °C (Figure 4d). EBSD 

testing of a sample annealed from the temperature of 1200 °C and then subjected to tensile showed the 

presence of an intermetallic phase of the Fe2Al5 type (Figure 6a), located at the boundaries of the austenite 

grains and at the point of contact of the grains. Due to the possibility to remove the deformation bands from 

the surface of the preparation, they were also identified as the Fe2Al5 phase (Figure 6b), which made it 

impossible to accurately determine the percentage of this phase. Microhardness studies have shown that this 

phase is characterized by a higher hardness (432HV0,1) than the matrix (290HV0,1). This type of the phase 

was not revealed in the structure of steel solution heat treatmen at lower temperatures. 

4. CONCLUSION  

The article presents the results of research on the influence of solution heat treated on the structure and 

mechanical properties of 27Mn-4Si-2Al-Nb steel. The solution heat treated in water in the temperature range 

from 900 °C to 1200 °C allowed to create a structure with different grain sizes, affecting the mechanical 

properties of the tested steel. As the grain size of austenite increases in the temperature range from 900 °C to 

1100 °C, the strength properties decrease and the plastic properties increase. In this range, the solution heat 

treatment temperature of YS0.2 decreased from 454 MPa to 345 MPa, UTS from 784 MPa to 658 MPa, and 

the value of elongation increased from 35 % to 45 % and reduction in area from 41 % to 48 %. The deviation 

from this trend applies to a sample solution heat treat in water at the temperature of 1200 °C, also showing a 

different course of the stress-strain curve. This is due to the very large size of austenite grains about 360 μm 

and the Fe2Al5 phase revealed at the grain boundaries. The growth of austenite grains, especially visible after 

exceeding the temperature of 1000° C, is associated with the dissolution of Nb carbonitrides in solution, which 

is consistent with the results of research presented in papers [11,12]. Studies of the fracture surface in the 

Figure 5 View of complex non-metallic 

inclusions of MnS-AlN and AlN types; the 

solution heat treatmen temperature 1200 °C 

Figure 6 Results of EBSD analysis after solution heat 

treated from 1200 °C and subsequent tension: a ‒ 

grain distribution map with different crystalline 

orientation, b ‒ phase map with the Fe2Al5 phase 

marked in green and slip bands 
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scanning electron microscope revealed a ductile fracture with many craters and voids of different sizes, 

corresponding to the sizes of austenite grains. On the fracture surface, non-metallic inclusions were identified, 

in the majority of cases they were MnS-AlN and AlN inclusions, which adversely affect the ductility of the 

studied high-manganese steel. As shown in paper [10,13], the areas closest to non-metallic inclusions are 

privileged places for the flowing of voids and micropores. These voids coalescence as a result of increasing 

deformation and stress concentration, leading to cracking. This is confirmed by very low values of plastic 

properties obtained after solution heat treatment at the temperature of 1200 °C (RA - 37 %, and UEL - 23 %).  
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Abstract  

In this paper the scientific basics for the production of ultra-fine grained titanium using the technology of Equal 

Channel Angular Pressing (ECAP) deformation to manufacture medical implants for their wide use in trauma 

treatment and dentistry are presented. Special attention is paid to the physics and mechanics of methods of 

ECAP deformation leading to the formation of ultra-fine grained structures in titanium. The influence of fine 

grained on the mechanical and biomedical properties of titanium is studied, and the advantages of applying 

ultra-fine grained titanium for medical implants are considered in detail.  

Keywords: Submicrocrystalline structure, equal channel angular pressing, structure and properties, titanium  

1. INTRODUCTION 

It is required that a material for dental implants is bio compatible, it must not be toxic and it may not cause 

allergic reactions. It must have high ultimate strength Rm and yield value Rp at low density  and low modulus 

of elasticity E. Metallic materials used for dental implants comprise alloys of stainless steels, cobalt alloys, 

titanium (coarse-grained) and titanium alloys. Semi-products in the form of coarse-grained Ti or Ti alloys are 

used as bio-material for medical and dental implants since the second half of the sixties of the last century. 

Titanium is at present preferred to stainless steels and cobalt alloys namely thanks to its excellent bio-

compatibility. Together with high bio-compatibility of Ti its resistance to corrosion evaluated by polarization 

resistance varies around the value 103 R/m. It therefore occupies a dominant position from this viewpoint 

among materials used for dental implants. In the past years a higher attention was paid also to titanium alloys 

due to requirements to higher strength properties. The reason was the fact that titanium alloys had higher 

strength properties in comparison with pure titanium. Typical representative of these alloys is duplex alloy ( 

a  Ti-6Al-4V [1]. After application of dental implants made of these alloys toxicity of vanadium was confirmed. 

Aluminium, too, can be categorized among potentially toxic elements. During the following development of 

dental implants the efforts were concentrated on replacement of titanium alloys the toxic and potentially toxic 

elements by non-toxic elements. That’s why new alloys of the type Ti-Ta, Ti-Mo, Ti-Nb and Ti-Zr began to be 

used [2,3]. Single phase  Ti alloys were developed at the same time, which are characterized by the low value 

of the modulus of elasticity [4]. Ti alloys with elements with very different density and melting temperature (Ti-

Ta, Ti-Mo) require special technology of manufacture, by which they significantly increase production costs 

and price of semi-products for dental implants [5]. The problem at the development of metallic bio-materials 

consists not only in their real or potential toxicity, but also in their allergenic potential. Sensitivity of population 

to allergies keeps increasing. Allergies to metals is caused by metallic ions which are released from metals by 

body fluids. Share of individual metals on initiation of allergies is different. What concerns the alloying elements 

for dental implants special attention is paid namely to Ni and Co, as their allergenic effect varies around (13,5%) 

and Cr (9,5%). Some titanium alloys also contain the elements classified as allergens. These are e.g. the 

following alloys: Ti-13Cu-4,5Ni; Ti-20Pd-5Cr; Ti-20Cr-0,2Si. For these reasons commercial pure (cp) titanium 

still remains to be a preferred material for dental applications [6]. Development trend in case of this material is 
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oriented on preservation of low value of the modulus of elasticity and on increase of mechanical properties, 

especially strength. According to the Hall-Petch relation it is possible to increase considerably strength 

properties of metals by grain refinement [6,7]. That’s why it is appropriate to use for dental implants rather fine-

grained Ti instead of coarse-grained Ti. Use of nano-materials concerns numerous fields including medicine. 

Bulk nano-structural metallic materials are used for dental applications. These are materials with the grain size 

smaller than approx. 100 to 300 nm [8,9]. High-purity titanium is used for dental implants. Chemical 

composition of cp Ti for dental implants must be within the following interval. The paper should begin with the 

introduction in which the present state of the issue relevant to the paper will be presented generally and 

concisely. It is necessary to quote references taking into consideration the remarks included in the section 

“References”. It is necessary to present the aim of the research included in the paper and clearly point out the 

originality of solutions and content-related approach to the issue worked out and described by authors [10]. 

2. STRUCTURE AND PROPERTIES OF PURE TITANIUM 

Commercially pure titanium (cpTi) bars and sheets were used in this study. The average grain size of the as 

received cp Ti is ASTM no. 4. Tensile specimens with a gauge of 50 mm length, 10 mm width and 3,5 mm 

thickness were machined with the tensile axis oriented parallel to the final rolling direction [11,12]. The 

specimens were deformed at room temperature with different initial strain rates. After testing, the deformed 

specimens in order to preserve the microstructure Figure 1. Specimens were sectioned along the gauge and 

grip parts of the deformed sample. The samples were then polished etched using 10 % HF, 10 % HNO3 and 

80 % H2O for 20 second. Chemical analysis and mechanical properties CP titanium are given in Table 1-3. 

 

Figure 1 Microstructure of cp Ti: a) initial structure, b) after cold rolling 

Table 1 Chemical analysis commercially pure titanium, (weight %) 

N O C Fe Al Cr Ti 

0.004 0.068 0.008 0.03 0.01 0.01 Rest. 

Table 2 Tensile properties of cp Ti after annealing 649 oC/1 hour (ASTM E8) 

Rm (MPa) Rp0,2 (MPa) A (%) Z (%) 

365 212 51 71 

2.1. Properties of ultra-fine grain titanium 

Ultra-fine grain titanium is characterized by exceptional mechanical properties, among which high ultimate 

strength and high yield value are of utmost importance. Strength properties of ultra-fine grain titanium must 

have the following values: Rm  1000 MPa, Rp0,2  850 MPa. Apart from the strength, another important 

properties of dental implants is their so called specific strength (strength related to density). Mechanical 

properties of metallic material for implants are evaluated in relation to its density as soalled specific properties. 
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Table 3 Initial hardness of commercially pure titanium and hardness after cold rolling 

Label Diagonal of indention d (m) HV30 

 

Sample nr. 1 

(initial hardness) 

659 128 

632 139 

652 131 

 

Sample nr. 2 

(initial hardness) 

658 128 

655 130 

658 128 

Sample nr. 3 

(cold rolling) 

527 200 

525 202 

535 194 

In case of classical coarse-grained titanium, the relation (Rm/) varies around 70 to 120 (N∙m/g), for the alloy 

Ti-6Al-4V it varies around 200 (N∙m/g) [13,14], and for titanium it is possible to predict the values 

Rm/∙m/g). As a matter of interest, it is possible to give the specific strength also for some other dental 

materials:   

 steel AISI 316L; Rm/∙m/g),  

 cobalt alloys; Rm/∙m/g),  

 Ti (Ti-15Mo-5Zr); Rm/∙m/g).  

Disadvantage of dental implants based on steel or cobalt alloys is their high tensile modulus of elasticity: E = 

200 to 240 GPa, while in case of titanium and its alloys this value varies between 80 and 120 GPa [15]. At 

present only few companies in the world manufacture commercially bulk nano-materials.  

2.2. The technology for manufacture of ultra-fine grain titanium 

The main objective of experiments was manufacture of ultra-fine grain Titanium, description and optimization 

of its properties from the viewpoint of their bio-compability, resistance to corrosion, strength and other 

mechanical properties from the viewpoint of its application in dental implants [16-18]. Chemical purity of semi 

products for titanium was ensured by technology of melting in vacuum and by zonal remelting. The obtained 

semi-product was under defined parameters of forming processed by the ECAP technology. The output was 

nano-structural titanium with strength about 1050 MPa). The obtained ultra-fine grain titanium was further 

processed by technology (of rotation forging) and drawing to the shape suitable for dental implants. Sequence 

of production of ultra-fine grain titanium is described in the Table 4. 

Table 4 Basic diagram of manufacture of ultra-fine grain Ti 

n Operation 

1. 
Melting and casting of Ti in vacuum furnace. 

Semi product in the form of a bar: Dmin = 35 mm. Lmin = 130 mm. 

2. Refining - production of high purity semi product for ECAP. Chemical composition - Table 1. 

3. 
ECAP process: Bar with  30 mm; number of passes 8. Load on extruding punch:  

Pmax = 1500 MPa, T = 280 oC 

4. Mechanical properties: Rm = 960 MPa, A = 12 %, E ≈ 100 GPa, dz ≈ 100 to 300 nm. 

5. Rotation re-forging and drawing of (n)Ti to a wire: Dd = 6 mm, Rm  1030 MPa. 
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3. OBTAINED RESULTS AND THEIR ANALYSIS  

Semi products from individual heats were processed according to modified programs by the ECAP technology 

and then drawn to a wire. Wire diameter varied about 4 - 5 mm. 

ECAP technology and drawing was made in several variants: 

a) 2 to 5 passes ECAP at a temperature of 450oC. 

b) 2 to 5 passes ECAP at a temperature of 370oC. 

c) passes ECAP at a temperature of 280oC; with annealing between individual passes. 

d) rotation re-forging to a diameter of 10 mm: (deformation cold forming: e = 2,2). 

e) rotation re-forging to a diameter of 6 mm: (deformation cold forming: e = 1,02). 

f) the following technology of drawing was realized at increased temperatures (Table 5). 

The samples for mechanical tests (Figure 2) and for micro-structural analyses were prepared from individual 

variants of processing. On the basis of the results, particularly the obtained strength values, several variants 

were chosen for more detailed investigation of developments occurring in the structure at application of the 

ECAP and subsequent drawing after heat treatment. Structure of ultra-fine grain titanium after application of 

the ECAP process is shown in the Figure 3. The structure was analyzed apart from light microscopy also by 

the X-ray diffraction. Table 5 summarizes the obtained basic mechanical properties. 

 

Figure 2 Stress - strain curve cp Ti: a) initial sample, b) after 4 passes 

Table 5 Mechanical properties of ultra-fine grain titanium after ECAP and drawing  

Forming processed Rm (MPa) A (%) E (GPa) dz (nm) 

ECAP (2 passes) 579.4 14.7 80.1 430 

ECAP (5 passes) 610.6 17.3 99.7 - 

ECAP (8 passes) 960.3 12.1 100.2 100 to 300 

Drawing (Dd = 6 mm) 1030 to 1050 9.3 100.2 100 to 300 

3.1. SEM analyze of fracture surfaces 

For detailed investigation of the samples after tensile test SEM JEOL JSM 6490L was used. Details of fracture 

areas at selected grains size are shown in Figure 4. The evolution of damage and final fracture in ultra-fine 

grains titanium is only beginning to be understood. The absence of substantial macroscopic tensile ductility in 

ultra-fine grains titanium together with the observation of dimpled rupture on fracture surfaces leads to the 

hypothesis that deformation is localized). Fracture surfaces resulting from tensile tests have frequently shown 

dimpled rupture in microcrystalline titanium. Further, it has been shown that the dimple size is significantly 

larger than the average grain size; in addition, a pair of mating fracture surfaces was shown that clearly 
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illustrated the presence of significant stretching of the ligaments between the dimples that was taken to be 

indicative of appreciable local plasticity. An example of a fracture surface obtained from a tensile specimen of 

ultra-fine grained titanium with a grain size of around 250 - 300 nm. It reveals dimpled rupture with the dimple 

depth (- 4 m) being an order of magnitude larger than the grain size. Furthermore, the dimple size is uniform 

and extends across most of the specimen cross-section. When the grain size is reduced to 0,1 m or less an 

in the case of titanium after 8 passes ECAP, the resulting fracture surface from a tensile specimen still 

continues to show what appears to be dimpled rupture with the important difference that the dimple diameter 

on an average is finer in size relative to those seen in Figure 4c. 

a) b) c) 

Figure 3 Microstructure of ultra-fine grain Titanium after ECAP: a) 4 passes; b) 5 passes, c) 8 

passes+700°C/1h 

a) b) c) 

Figure 4 Fracture area of the sample after: a) tensile test, 2 passes ECAP, 8 passes ECAP 

4. CONCLUSION  

Technology of manufacture of nano-titanium was proposed and experimentally verified. Grain refinement in 

input materials was obtained using the ECAP process. In conformity with the Hall-Petch, relation the strength 

properties of Ti increased significantly as a result of grain refinement. The obtained mechanical properties 

correspond with the declared requirements. Nano-titanium has higher specific strength properties than 

ordinary titanium. Strength of nano-titanium varies around 1050 MPa, grain size around 300 nm.  
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Abstract 

The technology severe plastic deformation was applied on austenitic steel AISI 316. It was verification of 

severe plastic deformation application possibility on steel AISI 316 importantly for following applying on similar 

kinds of steel, because SPD technology influence on fatigue properties was confirmed.  It can be predicted on 

the basis of obtained results that, contrary to low-cycle fatigue the ultra-fine grained material will manifest at 

fatigue load in the mode of constant amplitude of stress higher fatigue characteristics, particularly fatigue limit. 

Keywords: Steel AISI 316, severe plastic deformation, mechanical properties, fatigue  

1. INTRODUCTION  

It is well known a positive influence of severe plastic deformation (ECAP) technology on final material 

properties namely non-ferrous metals but steel as well. However not many works is focused on achieved 

fatigue properties after that treatment. This paper wants to contribute to knowledge distribution about austenitic 

stainless steel AISI 316 behaviour under ECAP.  

2. EXPERIMENTAL   

Basic chemical composition is given in the Table 1 and mechanical properties in the Table 2. The samples 

were manufactured with the following dimensions:  12 mm, length 60 mm. They were pushed through the 

ECAP matrix by 2 to 6 passes. 

Matrix had channel diameter 12 mm and angle 105 °. Pressure in the matrix varied around approx. 740 MPa. 

Temperature of extrusion varied from room temperature up to 280 °C. After extrusion material was taken from 

the samples for metallographic testing and testing bars were manufactured for testing of mechanical 

properties. In order to expand the existing findings the testing bars were exposed to intensive magnetic field 

and impact of magnetic field on change of mechanical properties was investigated by tensile test. The sample 

was after eight passes subjected to structural analysis.The samples were determined for investigation of 

influence of the ECAP technology on fatigue properties. Individual samples were subjected to different number 

of passes: 2 passes, 4 passes and 6 passes. Test samples for testing of low-cycle fatigue had diameter of the 

measured part 5 mm and overall length 55 mm. 

Table 1 Basic chemical composition of the steel (wt%) 

C Mn Si P S Cu Ni Cr M 

0.03 1.64 0.18 0.011 0.007 0.06 12.5 17.6 2.4 
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Table 2 Mechanical properties of the steel AISI 316 before ECAP (20 °C) 

Steel grade  
E 

(GPa) 
Rp0.2 
(MPa) 

Rm 
(MPa) 

A 
(%) 

Z 
(%) 

KV 
(J) 

HV 

AISI 316 216 330 625 45 - 90 210 

3. RESULTS AND THEIR ANALYSIS   

3.1. Structure  

Structures were analysed from the viewpoint of the course of strengthening and restoring processes. Figure 1 

documents deformed sub-structure of the steel AISI 316 after ECAP deformation by 2 to 6. Metallic matrix 

contained sub-grains of uneven size. Size of sub-grains was in most cases smaller than 0.1 m, only 

exceptionally some sub-grains/grains of the size of approx. 0.5 m were observed. Amplitude of plastic 

deformation was the key factor for control of fatigue process. The following equation was used for the 

dependence ap - Nf  [1] : 

c

ffpa N )2(´                                            (1) 

where 
´

f is coefficient of fatigue ductility, c is exponent of the service life curve  

a)  b)  c)  

Figure 1 Logarithmic deformation: a)  = 2, b)  = 4, c)  = 6 - diffraction pattern and structure 

Density of dislocations in metallic matrix was very high, presence of particles of precipitate was not found. In 

cases when neighbouring grains showed approximately identical diffraction contrast, it can be expected that 

angle of disorientation is only several degrees, while in case of significant changes of contrast rather high 

angular disorientation is probable. Figure 1c documents a diffraction pattern, which was obtained from the 

area with diameter of approx. 1 m. Occurrence of discontinuous circles and at the same time azimuthal 

blurring of diffraction traces evidences the fact that big amount of fine sub-grains/grains with more or less 

different crystallographic orientation was present in the investigated area. 

Austenitic matrix often contained deformation bands, which were formed during the ECAP deformation, see 

Figure 1. Deformation bands in austenitic steels can be formed by irregularly overlapping tiered errors, 

deformation twins or -martensite [2,3]. These deformation bands are formed along octahedral planes {111}  
of austenitic matrix. It was proved with use of electron microscopy that in majority of cases these are 

deformation twins, nevertheless, presence of distinct stretching of reflections intensity („streaking") in 
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directions {111}  proves frequent occurrence of crystallographic defects in these formations [4,5]. Width of 

deformation bands was very variable. In some areas intersecting systems of deformation bands occurred, 

which were formed at several planes of the type {111} , see Figure 1. Points of intersection of deformation 

bands generally represent preferential points for formation of particles of '- martensite. However, electron 

diffraction analysis did not confirm occurrence of '- martensite in these areas [6,7]. Occurrence of '- 

martensite in investigated sample was not confirmed even by X-ray diffraction analysis. Deflection 

(deformation) of deformation bands was in many cases quite distinctly visible in pictures in light field. This 

evidences the fact that deformation bands formed during the ECAP deformation were further deformed during 

next passes [8]. Sub-grains with high density of dislocations were usually aligned along deformation bands. 

3.2. Mechanical properties  

Samples after ECAP with number of passes (2, 4, 6) were used for investigation of influence of the ECAP 

technology on fatigue properties of the steel AISI 316 with special focus on the area of low-cycle fatigue. 

In order to expand the existing findings the testing bars were exposed to intensive magnetic field and impact 

of magnetic field on change of mechanical properties was investigated by tensile test. Results of tensile testing, 

which were used for investigation of impact of intensive magnetic field on mechanical properties are given in 

the Table 3. 

Table 3 Influence of magnetic field on mechanical properties of the steel AISI 316 

Designation 
E 

(GPa) 
Rp0.2 
(MPa) 

Rm 
(MPa) 

Z 
(%) 

1 190.1 271.3 586.2 81 

2 2007.2 280.6 586.2 81 

Magnetic field 1 188.3 283.1 588.5 82 

Magnetic field 2 201.8 278.3 587.6 81 

Magnetic field 3 195.2 282.1 592.0 81 

It follows from results of tensile tests that influence of magnetic field on 

mechanical properties determined by tensile test was not confirmed in 

investigated material. Minor differences in individual mechanical 

properties can be attributed to the scatter of mechanical properties 

within the frame of poly-crystalline materials. Mechanical properties 

change in dependence on numbers of passes, strength properties 

(Rp0.2 and Rm) distinctly increase, plastic properties described by 

narrowing almost do not change (Figure 2 and Table 4). 

 

Table 4 Change of mechanical properties of steel AISI 316 after the 2nd to 6th pass 

Number of ECAP passes 
Rp0.2 

(MPa) 
Rm 

(MPa) 
E 

(MPa) 
A 

(%) 
Z 

(%) 

Initial state 330 590 190 000 60 - 

2  899 916 179 215 22 68 

4 1 063 1 099 179 819 15 60 

6 1 103 1 140 182 028 15 60 

Figure 2 Influence of number of passes on strength properties  

of steel AISI 316 
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Intensity of increase in Rp0.2 and Rm is shown in the Figure 2. Micro-structural condition for increase of 

strength properties in investigated steel is fine grain and its stability.  

Several methods for grain refining and limitation of its growth are known at present - phase transformations, 

re-crystallisation, big plastic deformations (deformation of alloys with duplex structure, distribution of phases 

in duplex alloys, dispersion segregated particles), etc. Selection of methods of grain refining and slowing of its 

growth is in individual cases given by state and properties of structure [9]. Increase of strength properties in 

dependence on grain size is determined by the Hall-Petch relation [10,11]: 

ky∙d          2

where: 

 - the particle friction stress, and it is the yield stress,

ky - the slope of the line and it is known as the dislocation locking parameter, which represents the 

relative hardening contribution due to grain boundaries. 

For ordinary grade the following values are usually given 70 - 104 (MPa) and ky = 18.1 (MPa mm1/2). 

3.3. Tests of low-cycle fatigue  

Testing specimens for determination of the Manson - Coffin curve and curve of deformation strengthening 

were prepared from extruded samples after 2 to 6 ECAP passes. Apart form extruded samples the initial state 

was tested as well. The aim was to determine influence of number of ECAP passes on shape and position of 

the Manson-Coffin curve and curve of deformation strengthening. Altogether 10 samples were processed after 

application of the ECAP technology (3 samples after 2 passes, 3 samples after 4 passes, 2 samples after 6 

passes) and 2 samples with initial structure. 

Test of low-cycle fatigue were performed according to the standard ASTM E 606 at laboratory temperature on 

servo-hydraulic testing equipment MTS 100 kN by „hard“ method of load in alternate traction - pressure. During 

these tests a constant amplitude of total deformation ac was preserved. Tests of low-cycle fatigue were 

realised at constant rate of total deformation ac = 4.10-3 s-1. Longitudinal deformation of testing specimens was 

read by the sensor MTS 632-42C-11 with the basis 12 mm. During loading of individual testing specimens 

hysteresis curves were read and recorded (dependence stress - deformation), from which after rupture of 

individual testing specimens the level of elastic (ael) and plastic deformation (apl) for Nf /2 was evaluated.  

After completion of each test the number of cycles till rupture Nf was recorded and from hysteresis curve 

forapproximately N = Nf/2 for the chosen amplitude of total deformation ac there were deducted amplitude of 

plastic deformation apl, amplitude of elastic deformation ael and amplitude of stress a. Curves of service life 

expressed in the form were plotted from experimental data [12]: 

c
ff

b
f

f

plaelac NN
E

)()( 


 


                   (3) 

Cyclic curves stress-deformation were also determined for complex assessment of response of steel after the 

ECAP to alternating plastic deformation in traction - pressure: 

n
apla k  .                           (4) 

Manson-Coffin curves of service life were plotted from the obtained values, as well cyclic curve of deformation 

strengthening [10,13]. These values characterise deformation behaviour of material for prevailing time of its 

fatigue service life and they are therefore material characteristics. Results of individual test of low-cycle fatigue 

were processed in a form of graphic diagrams (Figure 3).  
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a)  b)  

c)  

Figure 3 Curves of low-cycle fatigue: a) apl - Nf, b) ael - Nf, c) a - apl 

4. CONCLUSIONS    

The following findings were obtained on the basis of experimental works: 

a) Mechanical properties of the steel AISI 316 were determined by miniaturised tensile test, as well as by 

penetration test, selected samples were subjected to verification analysis of their chemical composition. 

Basic mechanical properties of the steel AISI 316 were determined in dependence on number of passes. 

Series of experiments was also realised in order to verify influence of intensive magnetic field on 

structure and mechanical properties of this steel. 

b) Fatigue behaviour of the steel AISI 316 was investigated after application of various number of passes 

through the ECAP tool, structural stability was preserved, however, fatigue service life in the area of 

timed fatigue strength decreased after application of ECAP. 

c) It follows from these results that materials with ultra-fine grain after intensive plastic deformation by the 

ECAP technology show at fatigue loading in the mode of constant amplitude of deformation (low-cycle 

fatigue) shorter fatigue service life in comparison with initial state. Nevertheless, it is possible to regard 

as highly positive the fact, that ultra-fine grained structure shows comparatively good mechanical 

stability after fatigue test, which is given by the fact that grains in structure are so small, that they prevent 

forming of dislocation structure. This fact conforms to the findings published in the work, where it was 

observed and verified on steel. It can be predicted on the basis of obtained results that, contrary to low-

cycle fatigue the ultra-fine grained material will manifest at fatigue load in the mode of constant amplitude 

of stress (high-cycle fatigue) higher fatigue characteristics, particularly fatigue limit. Confirmation of this 

presumption requires, however, realisation of additional experimental works aimed at the area of high-

cycle fatigue of investigated material AISI 316 and detailed investigation with use of electron microscopy 

of possible structural changes in material after tests of high-cycle fatigue. 
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Abstract 

The paper presents laboratory physical modeling of the seamless tubes production, specifically the first step 

of the Mannesmann production process, the so-called punching. A “Universal rolling mill” at MATERIAL & 

METALLURGICAL RESEARCH Ltd. was used for experiments. The experimental material was micro-alloyed 

steel. The tests were carried out at four different heating temperatures and at different rpm speeds of the 

working rolls. The other settings of the rolling mill remained the same. In terms of the geometrical parameters, 

the biggest necking of the punched sample (preferably at both ends) was observed with increasing temperature 

and strain rate. The torque decreased with increasing temperature and with lower speed of working rolls.  

The punching time and the total current power consumption decreased with increasing temperature  

and with a higher deformation rate. 

Keywords: Laboratory physical modelling, punching, seamless tubes, micro-alloyed steel, temperature,         

rpm speeds of the working rolls 

1. INTRODUCTION 

At present, research on forming processes in the field of seamless tube production goes along two lines.  

The first is mathematical modeling, including numerical simulations, and the second is physical modeling.  

The mathematical modelling is currently booming but its results are highly dependent on the setting of 

boundary conditions, including the definition of the contact between the tool and the blank and the mesh 

settings. Mathematical modeling can always be considered as an approximation of the process, or ideally as 

a complement to physical modeling. Research of the cavity formation complex process in the billet during axial 

rolling of seamless tubes (Mannesmann punching method) seems to be more suitable using a laboratory 

physical modelling. The paper focuses on the physical modeling of the rolling process of low-alloy seamless 

tubes on a laboratory rolling mill in MATERIAL & METALLURGICAL RESEARCH Ltd. based in Ostrava (CZ) 

[1-6]. 

2. EXPERIMENTAL PART 

A series of 16 punching tests with variable heating temperature and variable rpm speeds of the working rolls 

were performed on a Mannesmann’s laboratory rolling mill. The heating temperatures in the range of 1240 -

1300 °C in steps of 20 °C and the rolls speeds of 60 rpm and 120 rpm per minutes were used. Tests were 

performed twice to eliminate process deviations. Niobium micro-alloyed steel was used for experiment, see 

Table 1. Samples with a diameter of 70 mm and length of 190 mm with a conical bore on the front circular side 

for better guidance of the punching mandrel were made of continuously cast billet with a diameter of 410 mm 

(Figure 1). A punching mandrel of 38 mm diameter was used for punching, the feed angle was set to 4 °, the 
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forming angle was 1 ° (opening on the inlet side - narrowing) and the material removal was 9 mm. These 

experimental conditions were chosen with regard to the requirements of the industrial partner. 

Table 1 Chemical composition of the studied steel micro-alloyed by niobium (wt. %) 

C Mn Si P S Cu Ni Cr Mo V Ti 

0.17 1.1 0.19 0.016 0.006 0.03 0.04 0.2 0.006 0.002 0.001 

Alc W Nb B N Sn H As Co Sb  

0.028 0.01 0.025 0.0005 0.0109 0.003 0.00011 0.002 0.003 0.003  

 

Figure 1 Test samples with a diameter of 70 mm and a length of 190 mm with a conical hole 

All punched samples were measured (Figure 2), specifically their minimum and maximum lengths, diameter 

in the front, middle and back of the samples (measured at two points around the circumference with a 90° 

rotation), see Table 2. Based on the measured values, the elongation and narrowing values in the front, middle 

and back of each punched sample were calculated (Table 3). The total punching time, the values of the torque, 

the pressing forces acting on the work roll, the forces acting against the punching mandrel and the current 

were also measured (Table 3). From these values, the maximum and average values were calculated, as well 

as the total current consumption for punching out the individual samples (Table 4). 

 

Figure 2 Punched samples 
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Table 2 Rpm, temperature, minimum and maximum length, measured diameters in two locations  

   for the front, middle and back of all tests performed 

no 
[-] 

RPM 
[min-1] 

temperature 
[°C] 

min.length 
[mm] 

max.length 
[mm] 

front1 
[mm] 

front2 
[mm] 

middle1 
[mm] 

middle2 
[mm] 

back1 
[mm] 

back2 
[mm] 

1 120 1300 340 344 66.62 66.71 67.33 67.25 66.56 66.3 

2 120 1300 338 341 66.85 66.68 67.89 67.84 66.65 66.6 

3 60 1300 323 327 67.57 67.74 69.19 69.47 67.89 67.95 

4 60 1300 325 331 66.95 67.22 68.2 68.35 68.01 67.71 

5 120 1280 343 345 66.85 67.09 67.15 67.04 66.11 66.09 

6 120 1280 337 344 67.08 67.04 67.68 67.66 66.36 66.7 

7 60 1280 324 328 67.21 67.09 68.92 68.96 67.98 68.13 

8 60 1280 300 303 66.75 66.88 71.77 71.88 72.35 72.42 

9 120 1260 320 323 67.84 67.89 69.2 68.86 67.69 67.84 

10 120 1260 318 321 67.69 67.62 69.3 69.51 69.66 69.74 

11 60 1260 312 315 68.46 68.54 70.15 70.23 70.03 69.94 

12 60 1260 285 288 68.28 68.34 72.29 72.43 74.32 74.57 

13 120 1240 330 332 67.94 67.88 68.2 68.37 66.95 66.66 

14 120 1240 317 321 67.39 67.53 69.94 69.91 69.67 69.64 

15 60 1240 313 317 68.13 68.16 69.85 69.77 69.14 68.88 

16 60 1240 304 307 68.84 68.7 70.71 70.74 70.16 70.09 

Table 3 Calculated elongation value; % of front, middle and back narrowing values; total sample punching  

             time 

no [-] elongation [-] narrowing front [%] narrowing middle [%] narrowing back [%] time [s] 

1 1.80 4.76 3.87 5.10 7.5 

2 1.79 4.62 3.05 4.82 7.6 

3 1.71 3.35 0.96 2.97 11.9 

4 1.73 4.16 2.46 3.06 11.8 

5 1.81 4.33 4.15 5.57 8.2 

6 1.79 4.20 3.33 4.96 8.1 

7 1.72 4.07 1.51 2.78 12.2 

8 1.59 4.55 -2.61 -3.41 11.9 

9 1.69 3.05 1.39 3.19 7.7 

10 1.68 3.35 0.85 0.43 7.7 

11 1.65 2.14 -0.27 0.02 11.6 

12 1.51 2.41 -3.37 -6.35 11.6 

13 1.74 2.99 2.45 4.56 8.6 

14 1.68 3.63 0.11 0.49 8.2 

15 1.66 2.65 0.27 1.41 12.2 

16 1.61 1.76 -1.04 -0.18 13.7 
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Table 4 Measured and calculated values of torque, axial forces acting on the punching mandrel, pressing  

             forces acting on the working rolls, electric current and electric energy consumption 

no 
[-] 

max. 
torque 
[Nm] 

mean 
torque 
[Nm] 

max. axial 
force [kN] 

mean axial 
force [kN] 

max. 
press. 

force [kN] 

mean 
press. 

force [kN] 

max. 
electricity 

[A] 

mean 
electricity 

[A] 

current 
consumption 

[As] 

1 4392 3255 16.99 13.98 103.96 89.15 91.51 72.11 1082 

2 4501 3289 16.09 13.55 104.55 89.94 93.42 73.2 1113 

3 4249 3057 17.01 13.51 101.66 86.4 88.65 67.37 1603 

4 4390 3176 18.27 14.24     92.31 69.3 1635 

5 4955 3572 18.15 14.91 110.74 93.05 103.52 78.43 1286 

6 5105 3524 18.04 14.34 110.52 93.66 103.3 76.9 1246 

7 4506 3256 19.47 15.28 106.63 89.97 96.76 71.3 1740 

8 4498 3007 19.05 15.35 108.53 90.08 93.59 66.53 1583 

9 4776 3551 19.09 15.13 109 93.94 100.89 77.89 1200 

10 4742 3565 19.7 15.56 109.49 95.79 100.33 78.15 1204 

11 4956 3383 20.03 15.54 110.13 92.07 104.21 73.68 1709 

12 4825 3012 22.06 16.87 109.81 90.59 101.08 66.86 1551 

13 5119 3862 20.38 16.01 111.51 97.92 105.92 83.72 1440 

14 5142 3680 20.19 16.1 110.82 96.7 106.82 80.16 1315 

15 5440 3639 20.93 15.93 112.26 93.96 107.1 78.27 1910 

16 5318 3776 20.45 15.31 109.44 93.74 105.2 79.95 2191 

Figure 3 Dependence of narrowing on temperature 

for front, middle and back of punched samples 

 
Figure 4 Dependence of narrowing on the speed  

of work rolls for the front, middle and back  

of punched samples 

The measured and calculated values were further analyzed graphically in Figures 3-9. Figures 3 and 4 show 

the temperature dependence and rpm for the front, center and back of the punched samples. A negative value 

means expansion. There is a clearly visible trend of increasing rates of narrowing with increasing temperature 

and rpm. Figure 5 shows the narrowing for each sample for the front center and back. Figure 6 shows the 

effect of rpm and heating temperature on the overall elongation of the punched samples. There are evident 

the increasing rate of elongation with increasing temperature and rpm with the exception of 1260 ° C. The 

dependence of current consumption on rpm and temperature is shown in Figure 7. The result is a trend of 

decreasing current consumption with increasing temperature and higher rpm. Figures 8 and 9 show the effects 
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of rpm and temperature on the maximum and average axial force acting on the punch and, on the forces, 

acting on the work rolls. In this case, the effect of rpm is insignificant, the forces increase slightly with higher 

rpm. As the temperature increases, the axial and pressing forces are slightly lower. 

Figure 5 Narrowing at the front, middle and back of all tests performed 

 

Figure 6 Rolling elongation depending on speed for 

different temperatures 

 

Figure 7 Current consumption depending on 

speed for different temperatures 

 

Figure 8 Axial and pressing forces depending  

on speed of working rolls 

 

Figure 9 Axial and pressing forces depending on 

the heating temperature 
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3. CONCLUSION 

The presented article summarizes the findings from punching of niobium micro-alloy steel. The result of the 

work was the mapping of trends of measured and calculated values of the punching process, where the heating 

temperature and rpm were chosen as variables. The lower current consumption appears to be a significant 

obtained data in tests performed at 120 rpm, when the current consumption required for punching full semi-

finished products decreased by approx. 40 %, the effect of heating temperature was not so significant. With 

increasing temperature and rpm, elongation and narrowing increased. Other significant trends are shown 

above. The use of a laboratory punching mill for physical simulations in order to investigate the dependence 

and trends between individual quantities seems to be the optimal use of this unique device. The findings will 

be further supplemented by other steel grades in order to compare the final parameters among other materials. 

The aim of the tests is primarily to imitate real industrial knowledge from the production of seamless tubes on 

a laboratory scale, with the aim of transferring laboratory results into industrial practice. 
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Abstract 

Using the sophisticated MAXStrain II unit, part of the HDS-20 simulator, the effect of intensive cumulative hot 

deformation on the final structural properties of non-alloyed low carbon steel was investigated. In the case 

of the MAXStrain II unit, the specimens are deformed by compression in two axes, which allows to achieve 

large cumulative strains. This fact, together with the possible course of suitable softening processes, 

represents a potential for research and development of materials with fine-grained structures. 

The microstructure of all samples of low-carbon alloy steel, deformed at MAXStrain II unit, was composed 

of a mixture of ferrite and pearlite; in the case of samples after accelerated cooling, hardening components 

were also detected in the microstructure (share up to 5 %). In all cases, during the MAXStrain II tests, 

the resulting ferritic grain of the steel under test was refined, with the finest microstructure showing an average 

ferritic grain size of 6.8 m. The resulting ferritic grain size decreased with decreasing deformation temperature 

and, in the case of lower overall equivalent strain, also with longer interpass time. However, the chosen cooling 

rate had a dominant effect on the resulting ferritic grain size. 

Keywords: Low-carbon steel, MAXStrain II unit, multi-axis hot deformation, microstructure, grain refinement 

1. INTRODUCTION 

The mobile conversion unit MAXStrain II, which company DSI developed as a tool for developing materials 

with ultra-fine grain structure, is one of the specialised units attachable to Gleeble simulators. In the case 

of the MAXStrain II, the material (prismatic specimen) under test is deformed by two anvils and rotated along 

its longitudinal axis by 90° between each deformation, allowing it to be cyclically deformed in the other two 

directions. The advantage of this sophisticated device is the ability to load the material under test with large 

strains while precisely controlling the temperature and strain rate. The specimen can be deformed 

by compression in a maximum of 80 passes with a minimum interpass time of approx. 0.6 s (given by the time 

to rotate the specimen by 90°). For the MAXStrain II unit, the maximum anvil speed is 700 mm‧s-1, 

the maximum static force load in compression is 196 kN, and the maximum dynamic force load in compression 

is 80 kN. The temperature of the deformed specimen is measured by thermocouples which are led (through 

a drilled hole) to the deformed part of the specimen. This ensures accurate sample temperature measurement 

even with large cumulative strains [1-4]. 

The MAXStrain unit has been used, for example, to investigate the controlled microstructure evolution, or to 

investigate the possibility of grain refinement in Al [5,6], Mg [7] and Ti [4,8] based alloys and also in the case 

of intermetallic alloys [9]. This technique has also been used to investigate of the grain refinement possibilities 
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of microalloyed steels [3,10-13]. Although the MAXStrain unit has the potential to be also used for physical 

simulations of hot forming processes of steels (e.g. continuous rolling of bars or wires), only a minimum of 

works dealing with this issue or verification of the possibilities of refinement of the final grain of steels after 

their cumulative hot deformation can be found in the literature [12,13]. It is well known that grain refinement 

leads to an increase in the mechanical properties of the materials under investigation, and this relationship 

can be expressed, for example, by the Hall-Petch relation [5,14]. In hot forming, besides the forming 

thermomechanical parameters, the final grain size is mainly influenced by the recovery or recrystallization 

processes and the phase transformations occurring during the cooling of the steel [15-17]. 

The aim of this work was to study the influence of thermomechanical forming conditions during multi-axial 

intensive deformation on the MAXStrain II unit on the microstructure evolution (respectively refinement 

of the final ferritic grain) of unalloyed low carbon steel. 

2. EXPERIMENT DESCRIPTION 

For the purpose of the present work, an unalloyed low 

carbon steel was selected which contained 0.14 % C; 

0.51 % Mn; 0.13 % Si; 0.034 % P; 0.022 % S; 

0.20 % Cr; 0.13 % Ni; 0.001 % Al and 0.017 % Mo; 

(all in wt. %). The investigated steel, used for 

structural purposes, was supplied in hot rolled bars 

with a square cross-section of 20 x 20 mm. The initial 

structure of the investigated steel was a mixture 

of ferrite and pearlite, with a minority of pearlite 

(see Figure 1). The mean diameter of the ferritic 

grain was determined using the QuickPHOTO 

INDUSTRIAL software using the linear method. 

The ferritic grain of the investigated steel was highly 

inhomogeneous in terms of size, with a mean ferritic 

grain diameter of 13.5 m (with a mean error 

of 1.07 m).  

A cylindrical samples with a diameter of 6 mm and a length of 86 mm was first made from the investigated 

steel and then was used for the dilatometric determination of the Ac1 and Ac3 phase transformation 

temperatures. For this purpose, an optical non-contact dilatometer was used, equipped with a simulator HDS-

20, which is installed on Faculty of materials science and technology VŠB-TU Ostrava [17]. The prepared 

sample was electrically resistively heated at a rate of 0.167 °C∙s-1 up to a temperature of 1,000 °C. By analysis 

of the measured dilatation curve the temperatures of phase transformation during heating of the investigated 

steel Ac1 = 712 °C and Ac3 = 851 °C were determined. Based on the determined Ac3 temperature, 

the deformation temperatures for compression tests in the MAXStrain II unit were then selected. 

The tests with intensive compression deformation 

of the investigated steel were carried out on 

the MAXStrain II unit connected to the HDS-20 

simulator. For this purpose, two types of prismatic 

samples were made from the investigated steel (see 

Figure 2). Both samples had a deformed section 

length of 12 mm and an initial deformed cross-section 

of 10 x 10 mm. The used samples differed mainly 

in the design of their head sections, by which are fixed 

in the MAXStrain II unit. The head sections of the first 

  

Figure 1 Initial structural state of investigated  
steel 

Figure 2 Initial shape of the samples for 

compression tests in MAXStrain II unit  
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type of sample were solid, and the overall length of the sample was 195.6 mm. In the case of the second type 

of sample, the head sections were hollow (a hole was drilled in them respectively) for install a nozzles, which 

can be used to cooling the sample by accelerated manner with compressed air or with water. The total length 

of the second type of sample was 191.8 mm. The head sections of both sample types had a square cross-

section of 15 x 15 mm, and both sample types were fitted with grooves to prevent the sample from sliding in 

the longitudinal direction during their deformation in the MAXStrain II unit. 

The prepared prismatic samples were electrically resistively heated at a rate of 5 °C∙s-1 directly to the selected 

deformation temperature. After a uniform 5 min holding time, they were deformed by compression alternately 

in two directions at isothermal temperature. To ensure that the deformation takes place in the single-phase 

austenitic region and at the same time to avoid grain coarsening in the interpass times, the deformation 

temperatures of 900 °C and 860 °C were determined (based on the evaluation of the dilatometric test). The aim 

was to investigate the possibility of refinement of the austenitic grain by the assumed static recrystallization 

(in the case of tests with an inter-pass dwell time of 5.6 s) and dynamic recrystallisation (in the case of tests 

with an inter-pass dwell time of 0.7 s). During the inter-pass dwell time, the sample was always rotated 90° 

along its longitudinal axis. All passes were performed at a uniform equivalent strain of 0.35, while total 

(cumulative) equivalent strain 2.1 or 10.5 of individual samples were varied. The total velocity of both anvils 

in each run was 600 mm∙s-1, which corresponds to a mean strain rate of 17 s-1 at the given equivalent strain. 

At the end of the deformation regime, the samples were cooled at the selected rate to a temperature 

of 100 °C. The full-head samples were used for the tests with a cooling rate of 2 °C∙s-1, with controlled cooling 

by heat dissipation through the clamping jaws. The hollow head samples were used for the 14 °C∙s-1 cooling 

rate, with controlled cooling by a combination of heat dissipation through the clamping jaws and simultaneous 

blowing of the deformed part with compressed air. All tests were carried out under vacuum, 

and the temperature of the sample was measured throughout the test by using of thermocouples. All deformed 

samples were then subjected to metallographic analyses. 

3. DISCUSSION OF RESULTS 

In Figure 3, as an example, a photo of a sample deformed with a total 

equivalent strain of 2.1 at 860 °C with an inter-pass dwell time of 5.6 s 

(after cooling rate 2 °C∙s-1) is shown. Metallographic analyses were 

performed using traditional optical microscopy, always at the mid-height 

of the longitudinal section of the deformed part of the samples. 

Afterwards, the mean diameter of the resulting ferritic grain was 

determined using the QuickPHOTO INDUSTRIAL software by a linear 

method. 

The microstructure of the samples deformed and controlled cooled at rate 

2 °C∙s-1 on the MAXStrain II unit consisted of a mixture of ferrite and 

perlite. In the case of the samples cooled after deformation at 14 °C∙s-1, 

their microstructure consisted of ferrite with a minor share of pearlite, 

bainite and martensite (share up to 5 %). In the microstructure of all 

samples, the share of ferrite was majority (see Figure 4). In terms of the resulting ferrite grains size, the 

microstructure of all samples cooled down at the rate 2 °C∙s-1 was highly inhomogeneous (both very fine and 

relatively coarse ferrite grains can be found in the microstructure - see Figure 4). From the photo 

documentation of the microstructure (see Figure 4) and from the graphical dependence of the determined 

ferritic grain diameter on the deformation temperature (see Figure 5), it is clear that in all cases, the resulting 

ferritic grain of the tested steel was refined during the MAXStrain II tests. The finest microstructure of the 

samples deformed on the MAXStrain II unit showed a mean ferritic grain diameter of 6.8 m, while in the initial 

condition, the steel under test had a mean ferritic grain diameter of 13.5 m. 

 

Figure 3 Sample after 

deformation in MAXStrain II 
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a) Td = 900 °C; eEq(total) = 2.1; inter-pass dwell 
time 5.6 s; cooling rate 2 °C∙s-1 

b) Td = 860 °C; eEq(total) = 2.1; inter-pass dwell 
time 5.6 s; cooling rate 2 °C∙s-1 

  

c) Td = 900 °C; eEq(total) = 10.5; inter-pass dwell 
time 0.7 s; cooling rate 2 °C∙s-1 

d) Td = 860 °C; eEq(total) = 10.5; inter-pass dwell 
time 0.7 s; cooling rate 2 °C∙s-1 

  

e) Td = 900 °C; eEq(total) = 10.5; inter-pass dwell 
time 0.7 s; cooling rate 20 °C∙s-1 

f) Td = 860 °C; eEq(total) = 2.1; inter-pass dwell 
time 0.7 s; cooling rate 20 °C∙s-1 

Figure 4 Microstructure of investigated steel intensively deformed in MAXStrain II unit 

(Td is deformation temperature (°C) and eEq(total) is total equivalent strain (-)) 
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The resulting ferritic grain size decreased with decreasing deformation temperature and with longer inter-pass 

dwell time (only in the case of lower total equivalent strain) - see Figure 5, where the effect of static 

recrystallization had probably a positive effect. However, the 5.6 s inter-pass dwell time was not long enough 

to allow a perfect progression of static recrystallization of the austenitic grain from which the resulting ferritic 

grain transforms during cooling of the investigated steel. In the case of samples deformed with a large 

equivalent strain (eEq(total) = 10.5) and 

with inter-pass dwell time of 5.6 s, 

the static recrystallization was 

probably incomplete, and at the same 

time, the austenitic grain was partially 

coarsened, which subsequently 

affected the size of the resulting 

ferritic grain. Thus, the inter-pass 

dwell times of 0.7 s were probably 

short for a perfect course of static 

recrystallization and, at the same 

time, probably not short enough for 

a perfect course of dynamic 

recrystallization to occur due to 

accumulated strain. However, at 

compression tests in the MAXStrain 

II, shorter inter-pass dwell time cannot 

be set in principle, because sample 

rotation between passes takes about 

0.6 s. However, the dominant 

influence on the resulting ferrite grain 

size was the chosen cooling rate (see 

Figure 5). 

4. CONCLUSIONS 

Using the sophisticated MAXStrain II unit, which is part of the HDS-20 simulator, intensive hot deformation on 

the final structural properties of the non-alloyed low carbon steel was investigated. 

The microstructure of all deformed samples consisted of a mixture of ferrite (majority fraction) and pearlite 

(minority fraction). In the case of the samples cooled after deformation by accelerated manner, hardening 

components were also detected in the microstructure (share up to 5 %). In all cases, during the MAXStrain II 

tests, the resulting ferritic grain size of the investigated steel under compression tests were refined (compared 

to the initial structural state), with the finest microstructure showing an average ferritic grain size of 6.8 m. 

The resulting ferritic grain size decreased with decreasing deformation temperature and, in the case of a lower 

overall equivalent strain, also with a longer inter-pass dwell time. However, the chosen cooling rate had 

a dominant effect on the resulting ferritic grain size. 
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Figure 5 Mean diameter of the final ferritic grain (with mean value 

error) in the microstructure of investigated steel deformed in 

MAXStrain II unit (eEq(total) is total equivalent strain (-); IPDT is inter-

pass dwell time (s); CR is cooling rate (°C∙s-1)) 
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Abstract 

The author of this paper presented the concept of manufacturing metal expansion joints using a hybrid method 

of mechanically assisted laser forming. An experiment was carried out based on the presented concept 

assumptions. The parameters used in the experiment and the final effect are presented. With the appropriate 

selection of the process parameters, the authors managed to confirm the validity of the presented concept and 

the final result of the experiment. 

Keywords: Laser forming, metal expansion joints, laser treatment 

1. INTRODUCTION 

Typical metal expansion joints (MEJ) [1] are made nowadays by plastic cold working, using roller systems, 

hydroforming methods, etc. The laser technologies are commonly used nowadays in wide range of 

manufacturing processes. [2-6]. There will be presented a concept to manufacture MEJ with the hybrid 

mechanically assisted laser forming method (HMALFM) [7]. Classical laser forming method uses the 

phenomenon of distortion in the material as a result of the element's local temperature change. The element 

is heated by the energy from the laser beam acting on it. The appropriate geometry and trajectory of the laser 

beam leads to the desired shapes of the element [8-12]. MEJ with combined bellow-lens shape, are made of 

a metal tube with an appropriate diameter and wall thickness. The concept assume the use of a CO2 laser to 

implement such a expansion joints. The laser beam heats selected area of the rotating tube, which is mounted 

on swivel handle on one side and in the actuator handle with the other end. After reaching the plasticizing 

temperature, the actuator compresses the element. As a result, a bellow-lens shape like is formed at 

plasticization area. Initial experimental studies confirmed the validity of the concept. As a final result, bellow-

lens metal expansions joint was obtained. 

2. CONCEPT 

The concept of expansion joints by mechanically assisted laser forming hybrid method manufacturing is based 

on the assumption that only part of pipe that is subjected to the laser beam at a given moment is deformed. 

The laser beam heats selected area of the pipe to a certain, preset temperature, which improves plastic 

properties of heated region. The element is evenly and uniformly heated along its entire circumference by 

quickly rotating around its axis. At the same time, an axial force acts on the element, which causes pipe 

upsetting in the plasticized zone (heated by the defocused laser beam). The remaining part of formed pipe, 

which has a lower temperature, does not deform. De facto, only "selected girdle" of an element is upset at this 

time. 
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Figure 1 Individual stages of the metal expansion joint forming and the scheme of the execution and 

measurement stand: 1 - pipe quickly rotating around its axis, 2 - laser head (pipe heating), 3 - pyrometer,  

4 - force sensor, 5 - axial thrust actuator, 6 - swivel handle 

 

Figure 2 Individual steps of metal expansion joint forming (concept): I - straight output pipe,  

II, III - pipe upsetting, IV - the final bellow-lens shape 

The width of this "girdle" depends on laser beam focal point dimensions incident on element's surface. This, 

in turn, effects on possibility of obtaining the appropriate geometry of manufactured expansion joints. The 

conceptual analysis was illustrated on Figure 1 and Figure 2. 

3. EXPERIMENT  

Material used in experiments were pipes made of stainless steel grade X5CrNi18-10, with dimensions of ϕ201 

mm (diameter  wall thickness) and 250 mm length. The pipe was installed between axial actuator with a 

maximum pressure force of 5kN (4) and swivel handle (6). The surface of the sample was covered with a 

special absorber (matt black enamel) in order to increase and uniform absorption coefficient of laser radiation. 

The experiment was performed by using the CO2 laser TRUMPF TruFlow 6000 with maximum output laser 

power equal to 6kW. The treatment parameters were as follows: 

 laser wavelength: λ=10,6 μm, 

 CW laser mode, 

 laser power: P=9001100 W, 
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 process temperature: approx. T=10501100°C, 

 pipe compressive force: max. F=600 N, 

 compressive length: s=1020 mm, 

 pipe rotation speed: ω=10000 /min, 

 pipe compressive speed: v=10 mm/s.  

The final product after laser forming is shown of Figure 3 and the process description is below. 

 

Figure 3 The final element manufactured during experiment (compressive length s=10 mm) 

Linear polarized laser beam was incident perpendicularly to pipe's surface so that the beam width coincided 

with the pipe axis. The laser beam width on pipe's surface was about 20 mm, which at the same time was a 

heating and plasticizing zone of the pipe around its entire circumference. Simultaneously pipe was rotated at 

speed ω. After obtaining the appropriate plasticization temperature T, measured by temperature sensor (3), 

the actuator (5) was started. The actuator pressed on the pipe axially with the force F (4) applied at speed v. 

The experiment was performed for two actuator strokes s. 

4. CONCLUSION 

According the experiment investigations proposed hybrid method of mechanically assisted laser forming is 

justified and effective. Moreover, validity of the concept was confirmed. Selection of the appropriate heating 

zone, process temperature, as well as the force and speed of compression lead to the formation of a bellow-

lens expansion joint. Obtained results are reproducible, which confirm industrial application potential of the 

above-mentioned technology. Control of material temperature and compression length are essential elements 

of the investigated technology. Incorrect selection of those parameters will lead to burnout and/or burst bellow-

lens rim. Output pipe excessive compression will lead to flat ring forming around the pipe, which will not fulfill 

the functions assigned to this elements type. 

The concept presented in this paper and performed investigations is protected by the patent law from April 11, 

2022; The Patent Office of RP; patent name: Method and device for the production of metal expansion joints 

(in polish); patent number: P.438965 [13]. 
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Abstract 

Severe hot forming methods are effective in grain refinement and controlled development of microstructure. 

One of these methods is the cumulative deformation on the MAXStrain simulation module. The current state 

of the issue is briefly discussed in the literary analysis. In the presented research, the basic parameters of the 

simulation module MAXStrain II cooperating with the Gleeble 3800 hot deformation simulator as well as a new 

methodology for calculating the equivalent strain value during the cyclic multi-pass multi-axis deformation are 

introduced. The procedure for development of a unique computational model is presented in the individual 

steps.  

Keywords: Gleeble simulator, MAXStrain module, severe forming, multi-axis deformation, equivalent strain 

INTRODUCTION 

The issue addressed in this article concerns the special method of severe plastic deformation. This is a method 

in which compressive passes are repeated in two directions while the sample is rotating - see Figure 1 [1]. 

MAXStrain system which enables such processing is one of the modules compatible with the Gleeble 3800 

hot deformation simulator. It is suitable for physical simulations of bulk forming processes with great cumulative 

strain. Using the MAXStrain module, samples can be subjected to almost unlimited strain with precise strain 

and temperature controls. It is a new-generation thermo-mechanical simulator with a proven ability to produce 

materials with ultra-fine-grained microstructure [2,3]. 

 

Figure 1 Deformation scheme for the MAXStrain system [1] 

The main purpose of the MAXStrain simulation module is to verify the experimental possibilities of grain 

refinement of the tested materials through severe plastic deformation [4]. The aim is to achieve the controlled 

development of the microstructure and the smallest possible average grain size by a suitable choice of test 

parameters and deformation conditions. Various technical metallic materials were processed in this way, 

starting with aluminium [2,5] through titanium alloys [6,7], steels and another special alloys [8-11]. The 

phenomenon of the "first stress peak" in microalloyed austenitic and ferritic steels was also studied within the 

MAXStrain issue [12].  
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1. MULTI-AXIS DEFORMATION UNIT MAXSTRAIN II 

This device is a mobile conversion unit compatible with the Gleeble 3800 simulator to which it is connected. It 

is designed to achieve extremely large strain with precise temperature control during high-speed multi-axis 

deformation. Photograph of this facility installed and operated at VŠB - Technical University of Ostrava, can 

be seen in Figure 2. 

 

Figure 2 Multi-axis deformation unit MAXStrain II in the laboratory of VŠB-TUO  

The heating and cooling rates of the test sample are automatically controlled, but the maximum rates are 

limited by the dimensions and design of the sample. The MAXStrain II system allows up to 80 compressive 

strokes (hits) over 10 mm distance in one program. The maximum sample size is 25 mm x 25 mm x 195 mm. 

Rotating manipulator can turn the specimen in increments of 90° based on computer command. Under all test 

conditions, the material flow is caused by the required compressive strain without any torsion of the sample. 

The servo-motor and rotary assembly holds the specimen with a maximum torque of 500 N·m to prevent the 

sample from twisting during multiple deformation. The inter-pass time between two consecutive deformations, 

defined as the time from the end of one pass to the beginning of another one, can be less than 1 s. 

Compressive deformation of the sample is ensured by two hydraulic pistons. Each of them is controlled 

independently. One of the hydraulic pistons is guided from a Gleeble 3800 simulator with a force of 196 kN 

and a maximum ram speed of 2 m·s-1. The second piston belongs directly to the MCU MAXStrain II and is 

designed for a maximum stroke rate of 0.7 m·s-1, maximum static load of 196 kN and dynamic force up to 

80 kN. Thanks to this additional force, the conditions are created for achieving a very large compression [13]. 

Temperature control can be provided by the thermocouples or optical pyrometer. The thermocouple is inserted 

into a drilled hole that extends into the deformed part of the test sample. Thanks to this, it is possible to measure 

the temperature in the deformation zone even during great cumulative deformation. Non-contact optical 

measurement may be associated by difficulties due to changing surface properties and oxidation in the course 

of testing [13]. 

2. EXPERIMENTAL PROCEDURE   

Sample made of plain-carbon steel was deformed at temperature set on 950 °C with a stroke rate of 50 mm·s- 1. 

Its narrowed deformation zone has a length of 12 mm and a cross-section of square of 10 mm - see detail in 

Figure 3 with slantwise drilled hole for thermocouple. The sample’s height after each of 60 hits was set to 6 

mm and the inter-pass time was 3.4 s. The sample was rotated 90 ° between successive passes. Evolution of 

the sample’s shape during the forming procedure is demonstrated in Figure 4. The process was recorded on 

a camera. Photographs of the sample were obtained from the captured video recording after each hit.  
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Figure 3 Central part of the initial sample 

 

 

Figure 4 Development of the sample’s shape 

depending on the pass number (0 = initial state) 

3. RESULTS AND DISCUSSION 

The snaps were used to determine the height and mean width of the deformed part of the sample, taking into 

account the uneven spreading. Based on these measured values, the true strain in the direction of height eH 

(-) and width eW (-) after each pass was calculated. The equivalent strain eEq (-) can be computed according 

to formula (1): 

�ÐN = �)j G�Ñ) + �Ò) + �e)J (1) 

assuming that the true strain in the direction of length eL = 0. It is clear from Figure 5 how the value of eEq in 

each hit decreases gradually with increasing number of passes and how the strain accumulates more and 

more slowly.  

 
Figure 5 Influence of the number of reductions on deformation ratios 

The reason is that the volume conservation law does not seem to apply in the deformation zone. In effect, the 

formed material escapes from this zone into the sample’s heads because it also flows in the length direction. 
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As a result, the cross-sectional area of the sample gradually decreases from the initial value of 100 mm2 - see 

Figure 6. The cumulative strain is the sum of partial equivalent strains. 

 
Figure 6 Decrease of cross-sectional area of the sample with increasing cumulative strain 

When considering the volume conservation law and knowledge of eH and eW values, the theoretical strain eL 

can be calculated for each pass. The calculation can be simplified if we obtain a regression dependence 

between the strain values eH and eB (see Figure 7), respectively between the cumulative strain and the quantity 

eL (see Figure 8). 

 

Figure 7 Dependence between height strain and spreading 

 
Figure 8 Influence of cumulative strain on the apparent value of strain in direction of the sample’s 

longitudinal axis 
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The simple regression equation in Figure 8 is not accurate enough and for further calculations and it had to 

be replaced by two polynomials with the limit value of the cumulative strain equal to 9.0. 

Using the described procedure, it is possible to determine the real value of the equivalent strain in each pass 

(which is advantageous when simulating multi-pass forming processes on MCU MAXStrain), or gradually 

change the setting the movement limits of anvils (stroke) so that the same strain was achieved in each pass. 

Strain calculations based on regression functions are so simple that using of Excel spreadsheet is quite 

sufficient for this purpose. However, it should be noted that for other test conditions (e.g. forming of some non-

ferrous metal alloys at different temperatures) or for samples of different initial shape and dimensions, the 

ratios between the strains eH, eW and eL may be significantly different. Therefore, the proposed procedure is 

not completely universal and for other experimental conditions it would be appropriate to repeat and refine the 

given procedure of the sample’s measurements and calculations of the true stress values. 

The advantage of the presented computational model is its quite substantial simplicity and the possibility of 

precise adjustment of the stroke limits for individual hits. In contrast to the complex computational model of 

Bereczski [14-16], it allows the relatively simple calculation of strain in individual passes and is easily 

applicable during the implementation of the experiments themselves. On the other hand, the Bereczski's model 

seems to be more general. Other authors also dealt with the issue [1,17]. However, the published data do not 

enable to predict the equivalent strain value in individual compressive passes. 

4. CONCLUSION     

It is very difficult to determine the equivalent strain value during the cyclic multi-pass multi-axis deformation on 

the MAXStrain simulation module. The situation is complicated by the uneven flow of material out of the 

deformation zone of the sample. A new methodology for strain value calculation was developed which is simply 

applicable at real experiments on this thermomechanical simulator. Using the unique computational model, it 

is possible to adjust the movement of the anvils so that the required strain value is achieved in every pass. It 

allows us to physically simulate in laboratory conditions various processes with large cumulative strain. The 

presented studies can contribute to a controlled development of the microstructure and intensive grain 

refinement e.g. in the operating conditions of rolling mills and forges. They can also significantly enrich the 

issue of research into the deformation behaviour of metallic materials. 
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Abstract 

Artificial neural networks (ANN) embody the wide family of various brain-inspired approaches finding their 

utilization at the solution of many up-to-date issues, e.g., voice, picture and video processing and recognition 

or regression analysis. The ANN-based regression analysis is able to provide a functional relationship between 

the high number of predictors and high number of outcomes. This ANN ability has been in the frame of the 

submitted research applied to offer an alternative methodism for the forecasting of hot flow curve global 

maximum coordinates under a wide range of thermomechanical circumstances. The research is aimed to 

evaluate three types of ANN - a Multi-Layer Perceptron (MLP), Radial Basis Neural Network (RBNN) and 

Generalized Regression Neural Network (GRNN). The results have showed that considering the description 

of both peak point coordinates simultaneously, the RBNN two-outputs model offered the best performance 

from the point of view of achieved accuracy, forecasting ability and even feasible computing time.     

Keywords: Hot flow curve peak, regression analysis, multi-layer perceptron, radial basis neural network, 

generalized regression neural network 

1. INTRODUCTION 

A flow stress evolution is an inevitable phenomenon accompanying any deformation procedure. Taking into 

account a continuous hot forming process under a constant temperature and strain rate level, the flow stress 

evolution is characterized by its gradual increase as the consequence of an increasing strain. However, since 

the effect of dynamic softening phenomena, the evoked flow stress increase is gradually retarded and 

subsequently terminated [1]. An achieved flow stress global maximum and its corresponding strain level (peak 

point coordinates) represent temperature and strain rate dependent variables, and their forecasting finds its 

application e.g., when modeling a flow stress evolution [2] or trying to identify the onset of a dynamic 

recrystallization [3]. This forecasting issue can be solved either via the well-known Zener-Hollomon parameter 

[4] or alternatively via a multivariate polynomial [5] approach - however always separately, i.e., one forecasting 

model for the peak strain and another for the peak stress [2]. The submitted research then introduces another 

alternative methodology which has a potential to improve the forecasting accuracy and make the description 

be performed via only one regression model (two-parallel-outputs model). The peak point forecasting is going 

to be solved via three different artificial neural network (ANN) approaches [6-8]. Specifically, via a Multi-Layer 

Perceptron (MLP) network [9,10], Radial Basis Neural Network (RBNN) [11,12] and Generalized Regression 

Neural Network (GRNN) [13]. The introduced ANN approaches will be demonstrated on a peak point dataset 

experimentally acquired under six deformation temperatures (1043, 1113, 1203, 1303, 1413 and 1553 K) and 

four strain rates (0.02, 0.2, 2 and 20 s−1) - see corresponding experimental details in [14].  

2. ARTIFICIAL NEURAL NETWORK REGRESSION ANALYSIS 

2.1. Preparation of experimental dataset 

The utilizing of an ANN regression approach always requires to divide an experimental dataset on two subsets 

- a training one and a forecasting one (also known as a testing subset). The training subset is directly involved 
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in the process of a regression model assembling and takes the biggest share of an examined dataset - ca 

70 % in the current research. The rest of the studied dataset has been then applied to verify the forecasting 

capacity of the assembled ANNs. The specific data split is expressed in Table 1 - where the blue and red 

values correspond to the training and forecasting subset, respectively. The dataset preparation phase then 

also consists of a necessary normalization process to ensure the smooth, fast and successful course of ANN 

calculations. A normalization methodism applied in the current research transforms the studied variables into 

dimensionless vectors always with a corresponding standard deviation equal to 1.0 - see details in [15].  

Table 1 Experimental dataset and corresponding split to training (blue) and forecasting (red) subset   

 Peak Strain, εp (-) Peak Stress, σp (MPa) 

T (K) / ε̇ (s−1) 0.02 0.2 2 20 0.02 0.2 2 20 

1553 0.10 0.16 0.26 0.34 19.70 34.81 55.88 84.60 

1413 0.14 0.22 0.32 0.56 38.77 62.19 85.80 128.00 

1303 0.20 0.26 0.34 0.40 66.23 96.38 135.98 172.30 

1203 0.18 0.24 0.32 0.38 99.79 140.35 184.40 222.04 

1113 0.26 0.38 0.36 0.40 149.97 190.19 234.00 280.40 

1043 0.32 0.30 0.30 0.40 199.00 237.54 276.18 333.00 

2.2. Regression analysis via multi-layer perceptron 

In the current research, each examined ANN architecture mediates a functional relationship between two 

predictors (temperature, T (K), and strain rate, ε̇ (s−1)) and two outcomes (peak strain, εp (-), and peak stress, 

σp (MPa)). The MLP-based architecture [9,10] is formed by the network of artificial neurons (computational 

units) arranged into layers. Each neuron provides the simple weighted sum of previous-layer neuron outputs, 

and such sum is in addition processed through a specific activation function (logistic sigmoid and pure line [15] 

as regards to the hidden layers and outcome layer, respectively). Since the introduced architecture is highly 

nonlinear, its regression constants (weights, W, and biases, b) had to be obtained via nonlinear least square 

methodism, specifically by means of the Levenberg-Marquardt iteration algorithm [16,17] with the application 

of the Bayesian regularization [18,19], and running under the back propagation of outcomes error [20]. The 

more detailed description of the utilized MLP regression approach is available e.g. in [15]. The examined MLP 

architecture have, in the current research, two under-change hyperparameters - the number of hidden layers 

and its neurons. An appropriate hyperparameter configuration has been selected on the basis of heuristic 

approach by examining an interval of [1, 3] ⊂ ℕ and an interval of [1, 20] ⊂ ℕ as regards to the number of 

hidden layers and neurons, respectively. An MLP network with the ideal selection of a hyperparameter 

configuration is schematically demonstrated in Figure 1. 

 

Figure 1 Block diagram of the utilized MLP architecture 
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2.3. Regression analysis via radial basis and generalized regression neural networks 

Both the RBNN [11,12] and GRNN [13] regression techniques are based on the mapping of a low-dimensional 

predictor space into a high-dimensional one in order to convert a nonlinear regression issue into a linear form 

[21]. This is possible thanks to a radial basis hidden layer which employs the calculation of the Euclidean 

distances [22] between the individual datapoints of a predictor matrix and specific neuron centers (which are 

equal to the selected datapoints of the predictor matrix), and subsequently applies the Gaussian radial basis 

activation function [15,23] to return the hidden (radial basis) neuron outputs (representing a high-dimensional 

feature space) [15]. The response of the RBNN architecture is then simply obtained as the linear combination 

of high-dimensional predictor vectors. So, the regression constants (W and b) of the RBNN can be obtained 

via a simple linear least square method [24]. The GRNN response is, however, achieved by a slightly different 

way - the values of the regression constants are equal to the normalized values of corresponding outcome 

vectors. The more detailed description of the utilized RBNN and GRNN regression approaches is available 

e.g. in [15]. In contrast with the above-mentioned MLP architecture, both the RBNN and GRNN architectures 

have only one under-change hyperparameter - the value of a radial basis function spread. An appropriate 

spread has been found on the basis of a heuristic approach by examining two intervals, specifically [0.01, 0.99] ⊂ ℚ with a step of 0.01 and [1, 100] ⊂ ℚ with a step of 0.1. RBNN and GRNN architectures with the ideal 

selection of a spread-hyperparameter are schematically demonstrated in Figure 2. With respect to the RBNN, 

a selected spread value has a direct influence on the number of hidden layer (radial basis layer) neurons. In 

the case of the GRNN, however, the number of radial basis neurons is equal directly to the number of training 

datapoints [21].  

 

Figure 2 Block diagrams of the utilized RBNN and GRNN architectures 

3. RESULTS AND DISCUSSION    

The performance of the above-described ANN architectures associated with the optimized hyperparameter 

configurations (Figures 1 and 2) is graphically expressed in Figure 3, where the mutual comparison  

is mediated via the absolute errors of a network response, i.e., ∆i = |Ei − Ci|, where the variables ∆i (-, MPa), 

Ei (-, MPa) and Ci (-, MPa) symbolize the absolute error, experimental (target) and calculated outcome of i-th 

temperature-strain rate combination, respectively, where i = [1, 24] ⊂ ℕ.     
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Figure 3 Performance of the examined artificial neural network approaches 

Considering the peak strain calculation, it can be said that the RBNN and GRNN architectures provided the 

best regression response for both the training and even forecasting subset. The MLP approach then returned 

practically zero ∆-values when considering the subset directly utilized in the regression analysis. Higher ∆-

values are then practically associated only with the forecasting subset - which indicate the occurrence of an 

overfitting phenomenon. Nevertheless, this does not have to immediately mean an inappropriate result; but, 

the obtained deviations must remain sufficiently low. However, the maximal ∆-value of the forecasting subset 

reaches up to 0.139 - which is unfortunately in the case of the εp-values (see Table 1) a considerable deviation 

- so, the achieved MLP forecasting performance just cannot be considered as appropriate. Taking into account 

the peak stress calculation, the situation is quite different. The GRNN approach is entirely inappropriate since 

neither the training subset nor the forecasting subset is associated with a feasible ∆-values. On the contrary, 

for the εp-description inappropriate MLP approach was showed to be the best choice as regards to the σp-

description. The ∆-values higher than zero are, as in the case of the εp-description, practically associated only 

with the forecasting subset. However, unlike the εp-description case, the σp forecasting deviations are 

sufficiently low with the maximum of ca 3 MPa. So, the best εp-description and σp-description performance is 

associated with the GRNN and MLP methodology, respectively. Either way, this conclusion means that neither 

the MLP approach nor the GRNN approach was able to provide acceptable united description of both peak 

values only via one neural network. Nevertheless, as the Figure 3 further indicates that the RBNN approach 

has been able to provide a sufficient response for both outcomes. So, despite the fact that the RBNN approach 

provided not entirely the best response, its performance is high enough to consider this kind of network if one 

wants to describe the both peak values at once. Moreover, considering the necessary computing time, the 
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MLP methodism was much slower since its nonlinear character. On the contrary, the RBNN and GRNN 

approaches were characterized by a fast calculation procedure since their above-mentioned nonlinear-to-

linear transformation feature.   

4. CONCLUSION 

The submitted research is aimed on the assembling of a model offering the forecasting of the flow curve peak 

coordinates (namely, peak strain, εp (-), and peak stress, σp (MPa)) with respect to the temperature and strain 

rate combinations. This kind of forecasting model should thus represent the nonlinear dependency of two 

outcomes on two predictors. To deal with this requirement, three various Artificial Neural Network (ANN) 

architectures have been applied and evaluated in the sense of their forecasting ability and required computing 

time. A Multi-Layer Perceptron (MLP) architecture offered a highly nonlinear model which was able to precisely 

describe only the σp-outcome. A Radial Basis Neural Network (RBNN) and its modified version known as 

Generalized Regression Neural Network (GRNN) then offered the mapping of the low-dimensional predictor 

space into a high-dimensional one in which the formerly nonlinear regression task become to be linear - this 

led to the significant reduction of a required computing time. However, the GRNN approach was able to return 

a suitable network response only in the case of the εp-description. So, neither the MLP nor the GRNN 

methodism was able to provide acceptable results for both peak point coordinates when utilizing two-outputs 

model. Fortunately, it has been showed that the RBNN model is suitable not only from the point of view of a 

fast computing time but also for its ability to forecast both peak point coordinates with a suitable accuracy via 

only one ANN model containing two parallel outputs.    
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Abstract 

Micro-forming is one of the most popular micro manufacturing processes for manufacturing vsmall metallic 

parts in sub millimetre range. The proposed process is called Micro-Blanking with Mutual Calibration - MBMC. 

It involves performing micro-blanking and then pushing the disk back through the resulting hole using a 

counter-punch. The product shape is corrected and the burr is eliminated. It is possible with proper selection 

of slack. A method has been proposed to determine the appropriate clearance value based on the results of 

FEM modeling assessed using the proposed parameters. FEM models are created based on the analysis of 

the results of only one specially designed MBMC process replacing a number of costly experiments. It is a 

process in which, with a nominal clearance of 5 %, the punch axis is shifted in relation to the matrix axis by 

about 1/3 of the clearance. This results in a smoothly changing clearance in the range of 1.5 - 8.5 %. Modeling 

parameters are adjusted to the separation surface shapes and burr occurrence obtained for individual 

clearances. The case of the MBMC process concerning a disk punched with a punch of 1 mm in diameter out 

of 0.25 mm thick CuZn37 brass in hardened condition was analyzed. A method of assessing the broadly 

understood quality of a punched micro-product was proposed, based on the analysis of the geometry of the 

cross-sectional outline of the punched disc and hole. Using this method, it was shown that the MBMC process 

increases the quality of the product in relation to the blanking alone in the range of 0.7 to 2.2 % of clearance. 

Keywords: Microforming, micro-blanking, burr-less blanking 

1. INTRODUCTION 

In today’s global world international market demands are that mechanical components ought to be created to 

net shape or close to net shape with improved mechanical properties, a fine surface finish, sensible 

dimensional accuracy and material saving. Micro technology, one of the future key technologies, is gaining 

increasing interest in forming community. Microforming [1,2] is one of the most popular micro manufacturing 

processes for manufacturing metallic parts in sub millimetre range and there has been a rapid growth in 

developing this technology to produce a wide-range of micro products that have a variety of applications. In 

microforming, micro-blanking processes occupy an important place [3], the development of which is forecast 

due to the relative simplicity of the tools. In miniature punched products, the key role is played by the accuracy 

of their shape, which is related to the structure of the cut surface. This surface is related to the process 

parameters and the mechanical properties of the material being punched out. It should be noted that in the 

blanking processes, i.e. the processes of cutting along a line closed the product, there can be both rings and 

a hole. Their intersection surfaces are inextricably linked with each other. In microforming, the shape and 

quality of the cut surface play an important role, which often determine the quality of the entire product. It is 

visible especially in the case of products with low values of the ratio of the cross-sectional width of the punched 

product to the thickness of the sheet . The typical appearance of the intersection surface is shown in Figure 1a.  

Characteristic areas are marked here, of which only shear zone is the desired one. Particularly messy is the 

burr, the elimination of which many scientists have worked and are working on [5,6]. It can be removed by an 
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additional mechanical [7], chemical [8] or hybrid operations [9]. However, a better method seems to be 

modifying the micro-blanking process itself. Interesting solutions are presented further in Figure 1. A special 

blanking (Borsboom) consisting in preliminary grooving from the side opposite to the blanking and then cutting 

out the object (1a), pushback blanking consisting in preliminary, partial cutting out in the phase of shear zone 

formation, and then pressing the object between flat anvils (1b), as a result of this second operation, the 

partially cut blank is separated as a result of return shearing, reciprocating blanking, denoting a partial cutting 

in the lower die with an upper punch, and then in return movement completion of cutting with the lower punch 

in the upper die (1d). The paper proposes a new method of micro-blanking called Micro blanking with mutual 

calibration - MBMC (Figure 1e). It consists of the elimination of forming failure caused by irregular edge 

conditions and burr. To rich that objective, already blanked object is than pushed back throu the hole. The 

obtained effect depends on many process parameters, which are difficult to determine experimentally, 

especially with miniature dimensions. That is why an important aspect concerning the process layout as well 

as its optimisation is the ability to predict the forming processes by simulation methods. 

 

Figure 1 (a) Surface atributes; (b), (c), (d) burrless blanking methods [4]; (e) Blanking with mutual calibration 

2. METHODOLOGY 

The flow chart of used methodology is shown in Figure 2a. This ideology is brought out to increase the 

precision of the blanking products. Firstly we design the product using commercial Marc Mentat software, 

where finite element modelling is done and the model consists of one deformable and four rigid bodies, Long 

dash line shows the entire process. Solid lines define the various methods or steps carried out in this project. 

F.E.A analysis is carried through and F.E.A is parameterized with own parameters based on which the 

following operation is performed, see Figure 2b. This is a two-step process where micro-blanking is the first 

step and mutual calibration is the second one. First stage is for PUNCH L while second stage is for PUNCH 

R. The final design of each simulation is compared and the best result is carved out. When scaling down 

process dimensions to micro scale, so called scale or size-effects [10] appear and have to be considered [11]. 

Scale effects apply to all elements of the process [12]. In this work however, scale effect is considered only in 

relation to surface phenomena [13], which is expressed by adopting a high value of the friction coefficient in 

the simulations [14,15]. A test stand was prepared for partial verification of the simulation results. The MBMC 

process is carried out using a micro die-set [16] (Figure 3) placed on a precise Hounsfield H10S testing 

machine, which does not have an ejector system. 

 

Figure 2 (a) Flow chart of used methodology; (b) Schematic description of used quantities 
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This inconvenience was eliminated by retrofitting for the mutual calibration (MC) process. The micro-blanking 

operation is carried out in accordance with 3b. Then the punch 3 is replaced by the pusher 12 (3c) and the 

calibration is performed. The material used in the research is described in Table 1.   

 

Figure 3 Micro die-set: (a) close up of tools; (b) set-up for micro-blanking; (c) set-up for MC; (d) owerview; 

Main parts: 1 - strip, 2- die, 3- punch, 5- lower punch, 6- lower slide, 7- upper slide. 8- die-set, 9- base, 10- 

binding screw, 11- base guide, 12- pusher. 

To limit the number of experiments, the device was equipped with eccentric tools.  The dimensions of which, 

as well as process results are shown in Figure 4.  

 

Figure 4 Eccentric tools for micro-blanking; (a) main dimensions, (b) blanked disc (c) close-up of burr in (b); 

(c) disc after MC 

3. FEM EXPERIMENTS RESULTS 

The FEM experimental program was carried out in the conditions established in the reconnaissance tests, 

using the material data collected in Table 1. A very important process parameter is the failure model. The 

Oyane model was selected. This model defines the cavity growth over the density. In this numerical analysis 

takes form (1). 

Ö *1 + � c ÏZÏP×/�P×Ø1 Ù�IN = �                                                                                                                                (1) 

where: εeqf - equivalent fracture strain, σm - mean stress,  

σeq - equivalent stress, B, D - material constants.  

Material constant B, damage threshold D and element removal threshold ERT in the MSC. Marc software can 

be specified. 

These were estimated based on the literature [17] and own experiments. These material attributes you can 

find in Table 1. Element removal threshold ERT= 1.0. It means that all those elements, which reach this 

“Damage” value will be deleted. The FEM tests were carried out for various values of the clearence, 

considering this parameter as critical [18]. The test results are summarized in Table 2. 
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Table 2 Parameters of material used   

Elastic properties Plastic properties Damage parameters Surface parameters Composition  

E (MPa) ν Stress-strain curve (MPa) D B ERT Coefficient of friction Cu (%) Zn  

110 000 0.34 ÚÛ = ÜÝÞ ∙ ßÞ.àá 0.85 0.4 1.0 0.2 62-65 Rest 

 

Figure 5 Results of FEM investigations, red curves are corrections because of elastic deflections [16]; (b) 

parametrisation of FEM results - description in paragraph 4. 

4. RESULTS ANALYSIS 

The results of the experiments are the calculated forces of the processes and the obtained shapes of discs 

after MB and then MC. The results of both these processes, and especially the MC, are very sensitive to even 

small changes in FEM modeling parameters. The standard areas on the intersection surface (Figure 1a) were 

parameterized by establishing 6 characteristic points A, B, C, D, E and F on the cross-section outline, as shown 

in Figure 5b. Based on the positions of these points in the x-y coordinate system, numerical values, in 

millimeters, of these parameters were determined: FRACTURE ZONE = Bx-Ax; SHEAR ZONE = Cx-Bx; 

ROLLOVER ZONE = Dx-Cx; DEPTH OF CRACK = By-Fy; BURR HEIGHT= Ey-Fy. All the described attributes 

refer to the cross-sections of the blank and the hole, which are related to each other, and their distinction as 

product and waste depends only on assumption made. Generally understood product quality, associated with 

surface quality, is determined by two features: surface smoothness and compliance with the theoretical shape, 

which in our case is a rectangle. In Figure 5b, red arrows mark the trajectories of changes in the location of 

characteristic points in order to improve the quality of the product.  

The second method used to determine the quality of the product is to determine the deviation of the outline of 

the obtained object from the rectangular outline. In this case, we do not specifically refer to the zones on the 

intersection surface. In this method, AREA 1 is calculated. The larger AREA 1 or its share in relation to the 

rectangle t x (DL/2), the worse the quality. Figure 6 summarizes the FEM studies. In parts (a) and (b), 

concerning blank and hole, respectively, regarding the subsequent tested clearances, the relative changes of 

the analyzed quantity occurring during MC process size is presented. Bars below the horizontal axis indicate 

a decrease in each value, bars above indicate an increase in each one. In turn, part (c) shows AREA 1 for 

blank, and hole created during MB and MC processes. In section (d), for the blank and the hole, respectively, 

the change in the proportion of AREA1 that occurs during the MC process is shown. If we compare the MB 

and MC process in general, after MC process in case of a blank the positive changes of all six parameters 

(zones of cross-section) were observed and on the whole investigated range of clearance, Figure 6a. In case 

of hole the biggest clearance inducted negative changes, Figure 6b. This tendency (greater difficulty in 
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smoothing the cross-section shape according to the trajectories shown in Figure 5b by MC) is confirmed by 

the Area 1 parameter. For CR = 11.6 % the blank shape deviation is still compensated in the MC process. In 

the case of a hole, this is no longer possible. The strong tendency for diminishing the burr in blank by MC 

process is present in all range of clearance. For the hole it faults down for clearance 11.6 % and bigger.  

 

Figure 6 (a) Relative changes in the geometrical parameters of the 'blank' section (after the MB process) as 

a result of the MC process, (b) Relative changes in the geometrical parameters of the section of the 'hole' 

(after the MB process) as a result of the MC process; (c) Percentage of Area 1 after the MB and MC process; 

(d) Change in Area 1 percentage due to the MC process 

In general, the MC process applied after the MB process provides positive changes in the shape of the blank 

and the hole within a limited range of the relative clearence, which should be in the range of 2.8 % to 8.8 %. 

This applies to both the blank and the hole. The determined values depend on the material properties and can 

be used for materials of similar toughness.  

5. CONCLUSION 

The conducted exploratory studies, including FEM modeling and partial laboratory verification in terms of 

improving the broadly understood quality of micro-blanked elements, in this case micro-blanking of a disc with 

a diameter of 1 (mm) out of 0.25 (mm) thick brass sheet metal, allow for the formulation of the following 

conclusions. 

A new process was proposed, Micro-blanking with Mutual Calibration (MBMC), increasing the precision of the 

blanking products. The process does not increase the load on the tools. It consists of two operations: blanking 

and calibration, which consists in pushing the blanked disk back through the hole. 
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Numerical modelling was carried out in Marc Mentat software. 2D, axis-symmetrical, static model of elastic 

plastic material with hardening and Oyane damage effect. The model consists of one deformable and four rigid 

bodies which act as the punch, the counterpunch the die and the blank holder. 

During each simulation, both operations (micro-blanking and calibration) are taken into account. In a number 

of different FEM simulation various process pattern were observed which depends on the adopted conditions 

of friction, the parameters of fracture and tools clearance. From which the last (clearance) was observed as 

critical. 

A method of numerical determination of the quality of the blanked micro-product obtained by simulation was 

proposed, understood here as the geometric quality of the intersection outline. It was broken down into its 

components: roll-over, sheer zone, fracture zone and burr. The share of these components was analyzed, of 

which only the sheer zone is desired. 

The proposed method of fast determination of the impact of tools clearance on the quality of products produced 

in MCMB process, involving the use of eccentric tools, was applied.  

The consequence of the application of variable clearance at the periphery of the component after first operation 

is its difference appearance, at the periphery, after the second operation. Too big relative clearance (more 

than 23 (%)) causes sliding of the material and formation of folds. The clearance reduction leads to the 

elimination of this phenomenon. The optimum size of the clearance that gives the alignment of the slide 

surface, and burr elimination was found to be 2.8 - 8.8 (%).   
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Abstract  

The DRECE method is a very promising method for forming sheet metal sheet using the severe plastic 

deformations (SPD) principle. The DRECE method is characterized by the continuous extrusion of the sheet 

metal strip by the forming die, which creates a forming angle of 108 ° in the deformation zone. In the case of 

materials formed by a given method, there is a substantial increase in the mechanical properties, in particular 

the yield strength, already after the first pass through the forming device, while maintaining sufficient ductility 

of the materials. This fact is very important for the subsequent use of the method in industrial practice. In order 

to study the possibility of applying the DRECE method in industrial practice, this work presents proposals for 

design solutions for industrial use. The proposed design solution is also supplemented by mathematical 

simulations of the forming process.  

Keywords: Severe plastic deformation process, DRECE method, mechanical properties  

1. INTRODUCTION 

Severe plastic deformation (SPD) is defined as the forming process, in which an extremely large deformation 

stress is applied to the formed material by means of various forming methods, in order to achieve an ultra-fine-

grained to nano structure (UFG and nano structure). SPD methods require significant investment in forming 

tools. Tools used in SPD forming must be very durable to withstand repeated extreme loads. Forming tools 

are constructed with a special geometry, which prevents the free flow of material, thus exerting hydrostatic 

pressure on the formed material. Hydrostatic pressure is necessary to achieve high stress and derive a high 

density of grid defects in the material which causes refinement of the microstructure [1]. Ultra fine-grained 

materials are defined as polycrystalline materials with very small grains. The grain size of UFG materials is 

less than 10 μm. In practice, the structure of UFG materials is often refined, when a grain size of less than 

100 nm is achieved, due to the occurrence of precipitates at grain boundaries as well as increasing the 

dislocation density. Very important factors are the temperature of the forming process and speed of 

deformation [2]. 

The aim of the presented work was to monitor the influence of the number of passes of DC01 steel by forming 

equipment using DRECE methods at a constant extrusion speed 100 mm‧s-1. 

2. DRECE METHOD 

The DRECE method is a promising forming technology using severe plastic deformation. The DRECE method 

is characterized by a combination of two SPD methods, the DCAP method and the ECAP - Conform method. 

During DRECE forming, the sheet metal strip is pushed into the working space and is extruded by the frictional 
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force generated by the friction between the feed roller and the two pressure rollers over the forming tool. 

And it does not happen to change the cross-section or length of the sheet metal strip. In the deformation zone, 

the material is extruded at a suitable angle of connection of the forming tools. Correct choice of deformation 

angle (108° or 113°), the magnitude of which was determined by mathematical simulation, is a critical 

parameter influencing the resulting mechanical properties and microstructure of the formed material. The given 

method enables the forming of sheets with a length of 1000 to 2000 mm, a width of 58 mm and a thickness of 

2 mm [3-10]. The principle of the DRECE method is shown in Figure 1.  

 

Figure 1 Schema of the DRECE method (1-feed roller, 2-rear pressure roller, 3 guide intermediate member, 

4-front pressure roller, 5-upper tool holder, 6-formed material, 7-lower tool holder) [4] 

Figure 2 shows a forming apparatus using the DRECE multiple plastic deformation method. The forming 

equipment underwent modernization, when the drive and gearbox of the forming equipment were replaced, 

thus increasing the extrusion speed up to v = 100 mm‧s-1. 

 

Figure 2 Forming equipment for DRECE method 

3. ANALYSIS OF SPD PROCESS INFLUENCE ON MECHANICAL PROPERTIES  

The aim of the work was to monitor the influence of the number of passes (1 to 3 passes) of DC01 steel by 

forming equipment using DRECE methods at a constant extrusion speed v = 100 mm‧s-1. The chemical 

composition of DC01 steel is given in the Table 1. The Figure 3 shows the scheme of sampling samples for 

the tensile test. In the Table 2 the average values of the mechanical properties of DC01 steel sheets are given. 
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Table 1 Chemical composition of DC01 steel (in wt. %) 

C Mn P S 

0.12 0.600 0.045 0.045 

 

Figure 3 Schematic representation of sampling samples for tensile tests from sheet metal DC01 

Table 2 Average values of mechanical properties of DC01 steel sheets 

 

 Rp0.2 (MPa) Rm (MPa) A80 (%) Z (%) 

D
e

fa
u

lt
 

s
ta

te
 Longitudinal direction 216 335 55.3 70 

Transverse direction 203 338 51.2 66 

Deviated direction 228 346 49.2 64 

1
s

t  p
as

s Longitudinal direction 367 380 31.0 55 

Transverse direction 345 367 38.3 52 

Deflected direction 379 389 33.0 49 

2
n

d
 p

a
s

s Longitudinal direction 411 423 24.8 54 

Transverse direction 351 382 32.1 59 

Deflected direction 403 418 23.5 50 

3
rd

 p
a

s
s Longitudinal direction 422 429 23.6 51 

Transverse direction 356 392 33.0 51 

Deflected direction 422 437 22.9 47 

A graphical representation of the course of basic mechanical properties (Rp0.2, Rm, A80) for samples from the 

longitudinal direction is shown in Figure 4. Figure 4 shows a significant increase in the value of the contractual 

yield strength Rp0.2, which was achieved after the 1st pass, when there was an increase from 216 MPa 

to 367 MPa, an increase of 70 %. The value of the strength limit Rm increased from the initial value of 335 MPa 

to 380 MPa after the 1st pass (increase by 13%). Due to the initiation of strain hardening in the extruded sheet, 

the ductility A80 decreased from the initial value of 55.3 % to 31%, after the 1st pass, which is a decrease 

of 44 %. A graphical representation of the course of basic mechanical properties (Rp0.2, Rm, A80) for samples 

from the transverse direction is shown in Figure 5. The nature of the changes in the values of the mechanical 

properties is the same in the transverse direction as in the case of the results from the longitudinal direction. 

As the number of passes increases, the values of the contractual yield strength Rp0.2 and the strength limit Rm 

increase and at the same time the ductility A80 decreases due to the decrease in the movement of dislocations. 

Compared to the initial state, the value of the contractual yield strength Rp0.2 increased by 70 % and the yield 

strength Rm by 9 %. The value of ductility of A80 decreased after the first pass to 38.3 %, which is a decrease 

of 25.2 %. 
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a) Ductility b) Tensile strength 

 
c) Yield strength 

Figure 4 The course of mechanical properties of DC01 steel in the longitudinal direction 

  
a) Ductility b) Tensile strength 

 
c) Yield strength 

Figure 5 The course of mechanical properties of DC01 steel in the transverse direction 
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A graphical representation of the course of basic mechanical properties (Rp0.2, Rm, A80) for samples from the 

deviated direction is shown in Figure 6. A similar nature of changes in the mechanical properties of the DC01 

steel sheet depending on the DRECE extrusion at a constant speed of 100 mm‧s-1, which was evident in the 

longitudinal and transverse directions (see Figure 4 and Figure 5), can also be observed on the samples in 

tilted direction 45 °. Substantial changes in the values of the contractual yield strength Rp0.2, the tensile strength 

Rm, the ductility A80 were already achieved on the samples after the 1st pass. The contractual yield strength 

Rp0.2 reached the value of 379 MPa, which is an increase of 66 % compared to the initial state. The value of 

the strength limit Rm reached the value of 389 MPa (increase by 12.5 %). Due to strain hardening, the plastic 

properties decreased. Elongation A80 decreased from the original value of 49.2 % to 33 %, that is, a decrease 

of 33 %. 

  
a) Ductility b) Tensile strength 

 
c) Yield strength 

Figure 6 The course of mechanical properties of DC01 steel in the deviated direction 

4. CONCLUSION 

It can be stated that the extrusion of DC01 low-carbon steel sheet by the DRECE method using the maximum 

speed has a significant share in increasing the values of strength characteristics while decreasing the plastic 

properties. The values achieved after the 1st pass appear to be interesting for the subsequent processing, 

when the values of the contractual yield strength Rp0.2 and Rm increased significantly in all directions with the 

current low decrease in the ductility values A80. The achieved values allow the next forming process to be 

performed. 
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Abstract 

The article deals with the grain refinement and microstructure evolution of AZ61 magnesium alloy subjected 

to sever plastic deformation (SPD) by ECAP (Equal Channel Angular Pressing) process. The commercial hot 

extruded AZ61 alloy subjected to severe plastic deformation possesses a two-phase microstructure consisting 

of solid solution matrix and massive  - phase Mg17Al12 distributed mostly at grain boundaries. Based on 

selected area diffraction and electron back scattered diffraction applied to a sample after the third pass, it can 

be concluded that plastic deformation induced by ECAP occurs mainly by slip mode forming a high density 

network of dislocation inside the grains. The grains size was significantly refined to 1.4 μm after the third pass 

of ECAP. The refinement of grain size is probably due to polygonization process associated with formation of 

high angle grain boundaries due to dislocations rearrangement. Mg17Al12 precipitates of size scattered from 

100 to 200 nm and also the primary precipitates of Al6Mn phase were observed in this alloy. 

Keywords: Magnesium alloy, ECAP, optical microscopy, TEM 

1. INTRODUCTION 

In recent years, a lot of efforts have been developed on magnesium alloys because of their outstanding specific 

strength. Consequently, they are used today in several fields such as electronics, biomedical, aerospace, 

defense, and particularly in the automobile sector [1]. The attractive benefit of a drop in vehicle weight can be 

observed in terms of enhanced fuel efficiency and less exhaust CO2 gas emissions. However, their widespread 

applications are limited compared to commercial structural materials such as steel and aluminium alloys [2,3]. 

A hexagonal close-packed structure of Mg alloys offers a limited number of independent slip systems that 

prevent excessive plastic deformation at ambient temperature [4]. 

Among the currently developed technologies of plastic deformation of metallic materials, severe plastic 

deformation (SPD) methods are worth to mention [5-7]. This plastic deformation technologies consists of 

transforming the micrometric structure of coarse-grained materials into ultra-fine (UFG with grain size in range 

of 100-1000 nm) and/or nanometric materials (grain size < 100 nm) by re-organizing the dislocation structure 

created during plastic deformation [8-9]. One of most popular SPD method is ECAP, i.e., Equal Channel 

Angular Pressing. During ECAP, a workpiece with a square or circular cross-section is pressed through an 

angle channel. Both channels (vertical and horizontal channel) are intersected by a shear plane, where a shear 

deformation in introduced into the material. Schematic illustration of ECAP principle is presented in Figure 1. 

Severe plastic deformation methods in contrast to conventional technologies of plastic deformation are not 

used to shape the initial material, but primarily to transform the coarse-grained microstructure into ultra-fine or 

nanometric microstructure [10-11]. The obtained grain size and nature of the produced nanostructures depend 

mainly on: SPD process conditions, phase composition, and initial grain size of the starting material. Compared 

to the conventional (coarse-grained) materials that were subjected to SPD processing they are characterized 

by greater mechanical and physical properties [10-14]. 
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Figure 1 Schematic illustration of ECAP die geometry [14] 

2. EXPERIMENTAL PROCEDURE 

The experiments were concentrated on the influence of severe plastic deformation method ECAP on the grain 

microstructural evolution of AZ61 magnesium alloy.  

2.1. Experimental material 

Experimental magnesium alloy, containing by 6 % Al and 1 % of Zn (Chemical composition is given in Table 1). 

The samples were casted under argon protecting atmosphere and hot extruded at 430 °C. Hot extruded rods 

were cut on square cross-sectional shape with dimensions 15x15 - 60 mm.  

Table 1 Chemical composition of the AZ61 magnesium alloy 

Element (wt. %) Al Zn Mn Si Fe Cu Ni Mg 

AZ61 6.430 1.092 0.230 0.030 0.003 0.003 0.001 rest. 

2.2. ECAP process parameters 

Due to the limited formability of investigated alloy at low temperature (below 200 °C), the extruded alloy AZ61 

was deformed by the ECAP method at a temperature of 200 °C (the temperature is the same for the sample 

and the channel) with the constant deformation rate of 40 mm/min. Samples were rotated by 90° around the 

longitudinal axis (Bc processing route). The angle between two channels Φ = 90° and the angle of the outer 

curvature Ψ = 9.5°. 

2.3. Microstructural investigation 

Microstructural analysis of investigated magnesium alloy was realized on the NEOPHOT 2, optical microscope. 

Detailed studies of plastically deformed grains, distribution and types of phases have been done by 

transmission electron microscopy (TEM) using Tecnai G2 F20 (200 kV) microscope fitted with high-angle 

annular dark field scanning transmission electron microscopy detector (HAADF-STEM). TEM specimens have 

been prepared by twinjet electro-polishing (Tenupol-5) using a solution of 10.6 g lithium chloride LiCl, 22.32 g 

magnesium perchlorate Mg(ClO4)2, 1000 ml methanol, and 200 ml 2-butoxy-ethanol at - 40 °C and 80 V. 

3. INVESTIGATION RESULTS 

Figure 2 shows the optical microscopy (OM) images of hot extruded samples and of those processed by ECAP 

method. The grain size of the hot extruded state was typically non-uniform on the cross-section and the 
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average grain size was ~ 24 µm (see Figure 2). The microstructures of samples after individual ECAP passes 

are shown in Figure 2. While many grains were already significantly refined already, just after the first pass, 

the microstructure was relatively heterogenous with grain size ~ 9 µm (see Figure 2a). The decomposition of 

the structure attributed to ECAP began in the grain boundary area, in order words, the dynamic recrystallization 

began, as can be seen in OM image of the sample after the first pass. After the first pass was grain distribution 

relatively heterogeneous (microstructure has a bimodal character). Further ECAP passes at the same 

temperature, a relatively homogeneous microstructure with an average grain size below 2 µm was obtained. 

This homogeneity after only three passes suggests that original grains were replaced by recrystallized grains 

(see Figures 2b-d). 

  

a) initial (hot extruded) state b) after the first ECAP pass 

  

c) after the second ECAP pass d) after the third ECAP pass 

Figure 2 The OM images of the microstructure of AZ61 

TEM investigations of samples after 1 and 3 ECAP passes were performed in order to examine microstructural 

features, especially the change of grain size and distribution but also size and chemical composition of 

precipitates. Figure 3 presents a set of bright field (BF) images taken at different magnifications and 

corresponding selected area diffraction patterns (SADP) of sample after 1 pass of ECAP. High density of 

dislocations, twins and formation of shear bands can be observed in BF images. The grains possess slightly 

elongated shape and mean size of about 5.4 µm. SADP was indexed to Mg with a [123] zone axis exhibiting 

a diffused character of reflects associated with a strongly deformed structure. Also an additional reflects can 

be recognized on SADP image, most probably originated from precipitates. BF and dark field (DF) 

microstructures and corresponding SADP of sample after 3 passes of ECAP are presented in Figure 4. In this 

case more refinement microstructure can be seen as is demonstrated on DF image performed from reflect of 
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(110) plane of Mg structure. The mean grain size is about 1.9 µm, what indicates that two additional passes of 

ECAP caused almost 2.5 times reduction of grain size. Higher magnification image shows individual grain of 

magnesium matrix with [001] zone axis having equiaxed shape indicating that the ECAP process causes loss 

of texture of grains before present in the samples after 1 pass of ECAP. Although, reduction of grain size was 

observed after 3 passes of ECAP, shape of the grains and lower dislocation density may indicate that the 

dynamic recrystallization occurred. 

 

Figure 3 Set of bright field (BF) images and corresponding selected area diffraction pattern (SADP) of 

sample after 1 pass of ECAP 

 

Figure 4 Set of bright field (BF) images and corresponding selected area diffraction pattern (SADP) of 

sample after 3 pass of ECAP 

Figure 5 presents BF images taken at different magnifications and corresponding SADP of samples after one 

(upper) and 3 (lower) passes, respectively. One can see that in case of sample after one pass of ECAP, 

irregular precipitate of Mg17Al12 type with the [101] zone axis is located inside grain with high density of 

dislocations and twins. This type of precipitates is mainly present in AZ61 magnesium alloys. Also it can be 

assumed that these precipitates contain some amount of Zn. In the case of sample after 3 passes through 

ECAP performed at higher temperature the Mg17Al12 precipitates of size of about 200 nm possess rounded 

shape and mainly are located at the grain boundaries strongly affecting on adjacent area. 

The Mg alloy AZ61 subjected to SPD by ECAP possesses the two-phase microstructure consisting of Mg 

grains of the size close to 1.5 µm after three passes and Mg17Al12 precipitates of the size scattered below 

200 nm. Grain refinement of the investigated alloy was achieved by a combination of severe plastic 

deformation with subsequent initiation of dynamic recrystallisation. Grain refinement of the grain size from 

24 µm to 1.5 µm was achieved after the third ECAP pass. Thus, it is apparent that Mg-Al-Zn grain refinement 

is made possible by the interaction of dislocations with recrystallised grains nucleated in the dislocation cells. 
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Figure 5 BF images taken at different magnifications and corresponding SADPs of samples after 1 (upper) 

and 3 (lower) passes, respectively 

4. CONCLUSION 

The hot extruded AZ61 magnesium alloy was processed by severe plastic deformation method ECAP method 

using up to three passes at 200 °C. The microstructure and tensile properties were studied using OM and, 

TEM. The following conclusions have been drawn: 

 The TEM images of AZ61 magnesium alloy examined after the first pass show an increase of the 

dislocations density and deformation inside the grains. The results show the significant influence of the 

forming under SPD conditions on the formation of dislocation substructure. 

 TEM microstructure of AZ61 magnesium alloy after three passes show Mg matrix microstructure and 

Mg17Al12 precipitate. TEM microstructure of AZ61 alloy after three passes show dislocation structure 

inside the grain. 

 The AZ61 magnesium alloy subjected to SPD by ECAP passes possesses the two-phase microstructure 

consisting of Mg grains of the size close to 1.5 µm after 3 passes and Mg17Al12 precipitates of the size 

scattered from 100 to 200 nm. The primary precipitates of Al6Mn phase were also observed. 

 Refinement of the grain size is probably due to polygonization process associated with the formation of 

high angle grain boundaries due to rearrangement of the dislocations and to formation of subgrain 

structure. 
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Abstract 

The creation of UFG (ultra-fine grain) materials is a new and promising way to improve metals and alloys for 

advanced structural and functional application. To date, it is common knowledge that UFG materials can be 

successfully produced by intense plastic deformation. Severe plastic deformation (SPD) is one of the most 

effective techniques to improve the physical and mechanical properties of metallic materials through structural 

refining for UFG and nano-crystalline (NC) states. One of the approaches that has been the subject of basic 

and applied research for two decades is the preparation of materials with UFG structure with a grain size below 

1000 nm. Such materials will find use primarily where they use stress, while preserving the required plasticity, 

it will be due to the reduction of the weight of the structure, which will also contribute to the preservation of its 

safety (steel is used in the automotive industry, steel for engineering, of non-ferrous alloys in the aerospace 

industry), or high strength and hardness in combination with biocompatibility ensures greater life of the 

products (titanium implants, etc.). Some ultra-fine-grained steels are already introduced in mass production, 

while the expected properties are achieved by methods of plastic deformation. These materials include, for 

example, DC01 and DC03, which will be analyzed in the following article after several passes through the 

DRECE method. The DRECE forming process is based on extrusion technology with zero change in cross-

section dimensions with the ultimate goal of achieving a high degree of deformation in the formed material. 

With the help of severe plastic deformation of the material, a substantial refinement of the structure of the 

material is achieved. The following article will deal mainly with the influence of the DRECE forming speed on 

the hardness and microstructure of the material of the sheet metal blank for DC01 and DC03 steel. 

Keywords: DRECE Method, Severe Plastic Deformation, Ultra-Grain Structure, Effective Plastic Strain, 

Effective Stress, DC01 steel, DC03 steel 

1. INTRODUCTION 

The grain size of polycrystalline materials plays a major role in dictating many critical properties including the 

strength and flow stress [5,6,8,11]. In general, materials with small grain sizes have several advantages over 

their coarse-grained counterparts because they have higher strength and other favorable properties including 

a potential for use in superplastic forming operations at elevated temperatures. This significance was 

recognized several years ago and led to the concept of nanocrystalline materials which were discussed in 

detail in an early review [1,12,14]. A possible way for microstructure refinement of metals is the use of SPD - 

principle on the base of thermomechanical processing [2,3,4,7,13,15]. It is important to note that the shape of 

the sample is retained in SPD processing by the use of special tool geometries which effectively prevent free 

flow of the material and thereby produce a significant hydrostatic pressure which leads to a high density of 

dislocations and consequent grain refinement [9,10]. 
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1.1. Principle of DRECE method 

The DRECE method (Dual Rolls Equal Channel Extrusion) [2,3,4,7,13,15] is based on the principle of angular 

extrusion through an equilateral channel using contact friction between the extruded blank, in the form of a 

metal strip, and feed rollers. Based on the generated friction force, the strip is continuously extruded into a 

special forming tool, where is intensively deformed by shear strain as passes through the deformation zone. 

As a result of the accumulation of strain, microstructural changes occur, which lead to an increase in the 

strength characteristics of the extruded strip [15]. A schematic representation of the SPD method of DRECE 

is shown in Figure 1. 

  
a)  b) 

Figure 1 Schematic illustration of DRECE device a) [15] - and real device b) 

2. INVESTIGATION PROCEDURES 

The work is focused on analyzing the influence of the speed 20, 40, 60, 80 and 100 mm/s when pushing a 

metal strip made of commercially produced DC01 and DC03 steels with dimensions of 2 x 58 x 2000 mm.  

Table 1 Chemical composition - steel DC01 and DC03 

 C 
(wt%) 

Mn 
(wt%) 

Si 
(wt%) 

P 
(wt%) 

S 
(wt%) 

Cr 
(wt%) 

Ni 
(wt%) 

Mo 
(wt%) 

Cu 
(wt%) 

DC01 0.10 0.45 0.03 0.03 0.03 0.06 0.06 0.01 0.08 

DC03 0.05 0.20 0.02 0.01 0.01 0.05 0.06 0.01 0.08 

Before extrusion using the DRECE method, lubricant (based on MoS2) was applied to the strips to minimize 

friction in the deformation zone of forming tools. Experimental extrusion was carried out at room temperature 

and different forming speed.  

The analysis of the effect of the applied deformation speed in DRECE forming on the change of microstructure 

was performed on the NEOPHOT 21 optical microscope with OLYMPUS GX51. 

3. INVESTIGATION RESULTS 

3.1. Microstructural characterization  

The microstructure of the supplied samples was checked on their transverse cuts. Due to the insignificant 

changes in the microstructure, areas were selected for documentation in approximately one third of the width 
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of the sheet (these are the areas where the microhardness of HV0.1 was subsequently determined), in the 

subsurface areas themselves, as well as in the middle of the thickness - see Figure 2. 

  

under the surface of the strip detail 

  

under the opposite surface of the sheet detail 

Figure 2 example for steel DC01 after DRECE speed 6 m.s.-1 

The microstructure of all samples was identical, fairly uniform, consisting of polyhedrical grains of ferrite and 

cementite precipitated along the boundaries and inside the grains. No significant signs of grain deformation 

were observed in the sample areas of interest.  

3.2. Microhardness evolution 

The way to monitor the effect of DRECE forming on the uniformity of the distribution of mechanical properties 

is to measure microhardness through the thickness of the extruded strip. For the analysis, an inductor was 

used to measure HV with a load of 0.1 kg for 15 seconds.  

Figures 3 a 4 graphically shows the course of microhardness HV0.1 depending on the distance from the top 

surface of the sheet metal, extruded by the DRECE method. Based on the presented process, it can be stated 

that thanks to increasing DRECE forming speed, higher hardness values were achieved, especially in the 

surface parts of the analyzed sheet metal samples. With increasing speed, the average microhardness 

increased from 155 HV0.1 to 169 HV0.1 for DC 01 steel, and from 154 to 178 for DC03 steel in the area below 

the surface. 
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Figure 3 Microhardness distribution through thickness in DC01 sheets processed by DRECE method, 

where 2, 4, 6, 8, 10 are the feed rates of the sheet in cm.s.-1 

 

Figure 4 Microhardness distribution through thickness in DC03 sheets processed by DRECE method, 

where the numbers 1, 2, 3, 4, 5 are the feed rates of the sheet metal in cm.s.-1 

4. CONCLUSION 

According to the results obtained, it was observed that the microstructure of all samples was identical (example 

Figure 2), fairly uniform, consisting of polyhedral grains of ferrite and cementite excreted along the borders 

and inside the grains. No significant signs of grain deformation were observed in the sample areas of interest. 

By increasing speed during DRECE method, higher hardness values were achieved, especially in the surface 

parts of the analyzed sheet metal samples. With increasing speed, the average microhardness increased from 

155 HV0.1 to 169 HV01 for DC01, and for DC03 steel from 154 to 178 in the area below the surface.  

ACKNOWLEDGEMENTS 

This paper was created within the projects Epsilon of Technology Agency of the Czech Republic, 
Development of a new technology for increasing the quality of steel strips, No. TH04010416 and 
project Innovative and additive manufacturing technology - new technological solutions for 3D 

printing of metals and composite materials, reg. no. CZ.02.1.01/0.0/0.0/17_049/0008407 financed by 
Structural and Investment Founds of Europe Union Results in the contribution were achieved at 
solving of specific research project No. SP2022/14 with the name of ”Research and Development 

of Engineering Technologies and their Management” solved in year 2022 at the Faculty of Mechanical 
Engineering of VSB - Technical University of Ostrava. 

120

130

140

150

160

170

180

0 500 1000 1500 2000

M
ic

ro
h

a
rd

n
e

ss
H

V
0

.1

distance from surface (µm)

2

4

6

8

10

120

130

140

150

160

170

180

0 500 1000 1500 2000

M
ic

ro
h

a
rd

n
e

ss
H

V
0

.1

distance from surface  (µm)

1

2

3

4

5



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

337 

REFERENCES 

[1] DUTKIEWITZ, J., KUBIČEK, M., PASTRŇÁK, M., MAZIARZ, W., LEJKOWSKA, M., CZEPPE, T., MORGIEL, J., 

Structure studies of ball-milled ZrCuAl, NiTiZrCu and melt-spun ZrNiTiCuAl alloys, Journal of Microscopy. 2006, 
vol. 223, no. 3, pp. 268-271. 

[2] RUSZ, S., SALAJKA, M., HILŠER, O., TYLŠAR, S., KEDROŇ, J., BOŘUTA, J., PASTRŇÁK, M. Influence of spd 
process on mechanical properties in low carbon steel. In: 25th Anniversary International Conference on 

Metallurgy and Materials (METAL 2016). Brno: TANGER Ltd., 2016, pp. 475-481. 

[3] HILŠER, O., RUSZ, S., PASTRŇÁK, M., ZABYSTRZAN, R. Tensile properties and microhardness evolution in 

medium carbon sheets subjected to continuous SPD process. In: 29th International Conference on Metallurgy and 
Materials (METAL 2020). Brno: TANGER Ltd., 2020, pp. 339-343. 

[4] RUSZ, S., HILŠER, O., OCHODEK, V., ČADA, R., ŠVEC, J. a SZKANDERA, P. Influence of SPD Process 
on Low-Carbon Steel Mechanical Properties. Modern Machinery (MM) Science Journal. 2019, Vol. 12, No. 2 

(June), pp. 2910-2914.  

[5] ČADA, R. a LOŠÁK, P. Optimization of Bellows and Tubes Cutting by Disc Knife to Achieve the Minimum Burr 

Size. Modern Machinery (MM) Science Journal. 2021, Vol. 14, No. 6, pp. 5373-5380.  

[6] ČADA, R., FRYDRÝŠEK, K., SEJDA, F. a TILLER, P. Evaluation of Locking Bone Screw Heads. In: Proceedings 

of 24th International Conference on ENGINEERING MECHANICS 2018 (May 14-17, 2018, Svratka, Czech 
Republic). Editors: Fischer, C. and Náprstek, J. Prague: Institute of Theoretical and Applied Mechanics of the 

Czech Academy of Sciences, 2018, pp. 133-136. 

[7] RUSZ, S., SALAJKA, M., DŽUGAN, J., HILŠER, O., BOŘUTA, J., PASTRŇÁK, M., ŠVEC, J. Development of 

geometry of forming tools for extrusion of strip sheet by SPD proces. In: IOP Conference Series: Materials 
Science and Engineering, Pilsen: COMAT, 2016, vol. 179, no. 1, p. 11.   

[8] HERMAN, A., ZIKMUND, P., TATÍČEK, F. Development of a new tool material for high pressure die casting. 
Archives of Foundry Engineering. 2015, vol. 15, no. 2, pp. 23-28.  

[9] KUBELKA, M., PAČÁK, T., TATÍČEK, F. The methodic of testing using experimental equipment, In: 9th 
International Conference on Material in Engineering Practice, Herlany: Trans Tech Publications Ltd, 2015, pp. 94-

99. 

[10] MAZIARZ, W., GREGER, M., DŁUGOSZ, P., DUTKIEWICZ, J., WÓJCIK, A., ROGAL, Ł., STAN-GŁOWIŃSKA, 

K., HILŠER, O., PASTRŇÁK, M., CÍŽEK, L., RUSZ, S. Effect of severe plastic deformation process on 
microstructure and mechanical properties ofAlSi/SiC composite. Journal of Materials Research and Technology.  

2022, vol. 17, pp. 948-960. 

[11] ČADA, R., FRYDRÝŠEK, K., SEJDA, F., DEMEL, J., PLEVA, L. Analysis of Locking Self-Taping Bone Screw for 

Angularly Stable Plates. Journal of Medical and Biomedical Engineering.  2017, vol. 37, iss. 4, pp. 612-625.  

[12] KVAČKAJ, T., KOVÁČOVÁ, A., KOČIŠKO, R., BIDULSKÁ, J., LITYŃSKA-DOBRZAŃSKA, L., JENEI, P., 

GUBICZA, J. Microstructure Evolution and Mechanical Performance of Copper Processed by Equal Channel 
Angular Rolling. Materials Characterization. 2017. vol. 134, pp. 246-252.  

[13] SNOPIŃSKI, P., TAŃSKI, T., GOŁOMBEK, K., RUSZ, S., HILŠER, O., DONIČ, T., NUCKOWSKI, P. M., 
BENEDYK, M. Strengthening of AA5754 aluminium alloy by DRECE process followed by annealing response 

investigation. Materials. 2020, vol. 13, no. 2, pp. 1-14. 

[14] LEE, H. H., HWANG, K. J., PARK, H. K., KIM, H. S. Effect of Processing Route on Microstructure and Mechanical 

properties in Single-Roll Angular-Rolling. Materials. 2020, vol. 13, iss. 11, 13 p.  

[15] PASTRŇÁK, M., HILŠER, O., RUSZ, S., REŠKA, V., SZKANDERA, P., ZABYSTRZAN, R. Effect of processing 

route on microstucture and microhardness of low-carbon steel subjected to DRECE proces. In: 30th Anniversary 
International Conference on Metallurgy and Materials. Brno: TANGER Ltd., 2021, pp. 323-328. 

  



 

 

 

SESSION C - STEEL PRODUCTS - PROPERTIES 
 

Chairlady and chairman 

 

Prof. Ing. Eva MAZANCOVA, CSc. VSB - Technical University of Ostrava, Czech Republic, EU 

Ing. Karel SAKSL, DrSc.   Institute of Materials Research, SAS, Kosice, Slovak Republic, EU 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

339 

MULTICOMPONENT METAL ALLOYS TESTED FOR HYDROGEN STORAGE 

1Katarína KUŠNÍROVÁ, 1,2Dagmara VARCHOLOVÁ, 1Zuzana MOLČANOVÁ,                        
1Beáta BALLÓKOVÁ, 3Jens MÖLLMER, 4Natália JASMINSKÁ, 4Marián LAZÁR,                            

4Tomáš BRESTOVIČ, 1Mária PODOBOVÁ, 1Róbert DŽUNDA, 1Rastislan MOTÝĽ, 2,1Karel SAKSL 

1Institute of Materials Research, Slovak Academy of Sciences, Košice, Slovak Republic, EU, 

kkusnirova@saske.sk, dvarcholova@saske.sk, molcanova@saske.sk, bballokova@saske.sk, 

mpodobova@saske.sk, rdzunda@saske.sk, ksaksl@saske.sk, 

2Faculty of Materials Metallurgy and Recycling, Technical University of Košice, Slovak Republic, EU 

3Institut für Nichtklassische Chemie, Leipzig, Germany, EU, moellmer@inc.uni-leipzig.de, 

4Faculty of Mechanical Engineering, Technical University of Košice, Košice, Slovak Republic, EU, 

natalia.jasminska@tuke.sk, marian.lazar@tuke.sk, tomas.brestovic@tuke.sk, 

https://doi.org/10.37904/metal.2022.4413 

Abstract  

Hydrogen has a strong potential for use as an alternative fuel provided that it can be stored in a safe and 

efficient way. One possibility is to store it as a solid hydride using suitable metals or alloys. Metal hydrides 

have been widely studied as storage materials but most alloys are unable to fulfil the requirements of a 

competitive hydrogen storage unit that can be exploited in practical applications. Recently in work by Sahlberg 

et al. was studied absorption capacity of hydrogen in the TiVZrNbHf BCC high-entropy alloy. They report the 

alloy absorbs and stores extremely large amounts of hydrogen approaching hydrogen to metal ratio H/M to 

2.5. This enormous stored capacity was attributed to internal lattice stresses, promoting hydrogen to occupy 

both tetrahedral and also octahedral interstitial positions. Such a full occupation is unique and has never been 

observed in transition metal hydrides before. In this article, we prepared similar TiVZrNbX alloys (X = Cr, Ni, 

Fe, Ag and Ta) and examined their ability to store hydrogen (in our case deuterium). The effect of lattice 

strains, promoting transport and storage of hydrogen (deuterium) was examined. Our comparison provides 

evidence that solid solutions do not have the highest storage capacity, but rather alloys composed of 

intermetallic compounds. 

Keywords: Hydrogen storage, metalhydride, high-entropy alloy, absorbtion capacity, X-ray diffraction 

1. INTRODUCTION 

Hydrogen is seen as a critical component of greening Europe’s energy market and becoming the first carbon-

neutral continent by 2050. The bet on hydrogen seems to be logical since one kilogram of hydrogen (H2: 33.3 

kWh/kg) has approximately three times the energy content compared to conventional fuels such as petrol: 

12.9 kWh/kg, compressed natural gas (CNG): 15kWh/kg and liquefied petroleum gas (LPG): 14kWh/kg, 

however by comparing their volume energy capacity, the ratios are opposite (H2 - 1.6 kWh/l, petrol: 9.5 kWh/l, 

CNG: 2.5 kWh/l and LPG: 7.3 kWh/l) [1]. Therefore, for efficient use of hydrogen, it is critical to increase its 

density by compression. Today, several types of hydrogen compression are industrially applied e.g. gas 

compression, liquefaction of hydrogen, storage of hydrogen molecules by adsorption and hydrogen storage in 

metals by absorption. Among them, the most effective way to compress hydrogen is to store it in a metal lattice 

where a stored amount of hydrogen can significantly exceed its liquid phase, e.g. Mg2FeH6 shows the highest 

known volumetric hydrogen density of 150 kg/m3, which is more than double that of liquid hydrogen [2].  

A “Superior“ step forward in this respect represents publication of M. Sahlberg, et al. entitled “Superior 

hydrogen storage in high entropy alloys” [3] where the authors studied the hydrogenation of the high-entropy 
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solid solution alloy TiVZrNbHf of bcc structure and observed, that extremely large amounts of hydrogen (2.7 

wt.% of H) can be absorbed in it. The amount of hydrogen corresponds to H/M ratio of 2.5 and becomes a 

world record in terms of volumetric energy density 219 kg H/m3 exceeding by far the requested 40 kg H/m3. 

The authors explain these phenomena by lattice strain favouring to absorb hydrogen in both tetrahedral and 

octahedral interstitial sites. 

In our work, we focus on deuterium absorption properties of similar TiVZrNb-X alloys, in which we replaced 

the most expensive and heaviest element Hf by X = Cr, Ni, Fe, Ag and Ta. The effect of lattice strains in 
solid solution, promoting transport and storage of hydrogen (deuterium), was examined. 

2. EXPERIMENTAL PROCEDURE 

2.1. Samples preparation and their pre-analysis 

Equimolar TiVZrNb-X, (X = Cr, Ni, Fe, Ag and Ta) samples were synthesized by arc-melting in stoichiometric 

amounts of Ti (99.99 %), V (99. 5 %), Zr (99.5 %), Nb (99.8 %), Cr (99.99 %), Ni (99.98 %), Fe (99.99 %), Ag 

(99.9) and Ta (99.9 %). To ensure homogeneity, the sample were re-melted five times and turned over between 

each melting step. Oxygen contamination was minimized by filling the furnace two times by high purity Ar and 

by melting a Ti getter for 2 minutes prior to each cycle of alloy melting.  

The microstructure and chemical composition was studied using the Jeol JSM 7000F scanning electron 

microscope (SEM) equipped with a secondary electron (SE) detector, a backscatter electron (BSE) detector 

and an energy dispersive X-ray spectrometer (EDS). 

The density of the prepared alloys was measured at room temperature applying Archimedes principle using 

an analytical balance Kern ABT 120-4M with a special density determination kit ABT-A01. Measurements were 

performed in pure ethyl alcohol of density 0.788 g/cm3. 

2.2. Deuterium storage measurements 

Deuterium storage capacity of the alloys was determined by gravimetric method. High pressure absorption 

uptakes of 99.9 % pure deuterium were measured by magnetic suspension balance (Rubotherm, Germany) 

[4] which can be operated up to 50 MPa. The temperature control during measurement was done externally 

by a temperature control unit consisting of a heating device controlled by using a thermostat Eurotherm 2408.  

For the experiment the alloys in bulk form were powdered by vibration mill and sieved to particle size < 45m. 

In the experiment, a stainless steel sample holder was filled by 1g of powder sample and the balance was 

evacuated for 0.5 h at 298 K and 0.3 Pa until constant mass was achieved. For measuring the absorption 

capacity, the gas was dosed into the balance chamber to 0.1 MPa and equilibrium was achieved in 30 min. 

The temperature was increased to 393 K (heating rate 5 K min-1) with final accuracy of ±1 K for each 

measurement. After temperature reached equilibrium at 393 K the reaction chamber was filled by deuterium 

gas to 5 MPa and absorption uptake was measured for 24 h. 

2.3. X-ray diffraction measurements 

The hard XRD experiment was performed in transmission (Debye-Scherrer) geometry at the P21.1 undulator 

beamline located at the electron storage ring PETRA III (storing electron of energy: 6.0 GeV and current: 100 

mA, operated in top-up mode) at DESY (Hamburg, Germany). The following setup was applied: transmission 

(Debye-Scherrer) geometry; monochromatized high energy X-ray beam of photon energy ~ 103.06 keV 

(=0.1203 Å) to obtain high quality diffraction patterns up to the magnitude of the scattering vector Qmax = 

4πsin(θ)/λ = 8 Å-1; beam cross-section on the sample was ~ 0.5 mm × 0.5 mm; fast 2D image plate detector 

Perkin Elmer XRD 1621 (2048 pixels × 2048 pixels, size of a pixel: 200 μm × 200 μm) to record diffracted X-

rays [5].  
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The recorded 2D XRD patterns were then radially integrated to I(Q) space from which the X-ray total structure 

factors S(Q) was obtained, based on the Faber-Ziman approach [6]. The total pair distribution function G(r) 

was calculated from the total structure factor S(Q) by the following equation: 

âG|J = )
2

Ö ³G�G³J − 1J sin〖G³〗|J Ù³µZåæµZ.ç             (1) 

3. RESULTS AND DISCUSSION 

3.1. High-entropy alloy (HEA) prediction 

In the first step, we verify whether our assumed alloys TiVZrNb-X, (X = Cr, Ni, Fe, Ag and Ta) fall into the area 

of solid solutions stability (High-Entropic Alloys). 

Conventionally, HEAs solid solution is defined as alloys comprised of 5 or more elements with concentrations 

between 5 and 35 atom percent forming simple phase solid solutions [7]. Zhang et al. [8] proposed the use of 

two parameters for the design of HEAs, namely, the atomic size difference δ and the mixing enthalpy ΔHmix 

[10]: 

è = é∑ W� *1 − �.∑ X,�,ç,ê< /)U�ª�                (2) 

where ci and ri denote the atomic fraction and atomic radius of the ith element, respectively, 

∆ëi�- = ∑ � W�W = ∑ 4∆ë� i�-W�W U�ª�,�ì U�ª�,�ì             (3) 

where ∆ë� i�- is the enthalpy of mixing of the binary liquid between the ith and jth elements at an equiatomic 

composition. 

HEAs generally tend to form single-phase solid solutions in the case of low mixing enthalpy and atomic size 

difference. In general, the formation of a single-phase solid solution corresponds to the region0 ΔHmix > −12 

kJ/mol and δ ≤ 6.6 %. 

 
Figure 1 The è-∆ëi�- plot delineating the phase selection in HEAs. The dashed regions highlight the 

individual region to form simple solid solutions, and amorphous phases. Intermetallic region is within the 

dotted ellipse. Position of the TiVZrNb-X, X = Cr, Ni, Fe, Ag and Ta alloys are highlighted in colour. The 

TiVZrNbHf alloy published in [5] was also added to this plot for comparison (red) 
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Figure 1 taken from [9] shows in the upper left corner a stability region of multicomponent HEA solid solutions. 

The TiVZrNb-X, X = Cr, Ni, Fe, Ag and Ta alloys are shown in the plot in colour together with the TiVZrNbHf 

alloy (in red) previously published in [3]. From this graphical comparison, it is clear that none of the alloys falls 

within the stability range of HEA solid solutions. The closest are the TiVZrNbTa and TiVZrNbAg alloys, where 

in fact simple cubic phases have been identified, see Table 1. 

Table 1 Chemical and phase composition, deuterium absorbtion/desorbtion properties and calculated  

             parameters Hmix,  of the TiVZrNb-X, X = Cr, Ni, Fe, Ag and Ta alloys. IM stands for intermetallic  

             compounds and SS for solid solution 

Sample EDX composition Phase 
Density 

[g/cm
3
] 

Absorbed 
deuterium 

[wt. %] 

Absorbed 
D/M 

Deuterium 

desorbed 

up to 873K 

[wt. %] 

Hmix 

[kJ/mol]

 x 
100 

[%] 

TiVZrNbCr Ti
17

V
19

Zr
19

Nb
22

Cr
23

 IM 6.59 3.28 1.1 2.28 -4.99 8.8 

TiVZrNbNi Ti
20

V
20

Zr
22

Nb
16

Ni
22

 IM 6.93 2.94 1 - -23.37 9.1 

TiVZrNbFe Ti
19

V
19

Zr
20

Nb
21

Fe
21

 IM 6.79 2.94 1 - -10.92 8.9 

TiVZrNbAg Ti
20

V
20

Zr
21

Nb
19

Ag
20

 SS 7.18 2.44 0.95 - +1.27 6.4 

TiVZrNbTa Ti
20

V
20

Zr
19

Nb
22

Ta
19

 2xSS 9.03 2.07 0.94 - +0.35 6.3 

3.2. Deuterium absorption 

 

Figure 2 a. deuterium absorption uptakes of the TiVZrNb-X, X = Cr, Ni, Fe, Ag and Ta alloys, b. deuterium 

induced phase transformations documented by change of diffraction patterns, c. corresponding total pair 

distribution function G(r) 

Figure 2a shows deuterium absorption uptakes of the TiVZrNb-X, X = Cr, Ni, Fe, Ag and Ta alloys under 

deuterium gas pressure of 5 MPa and temperature 393 K. From the comparison it is clear that the highest 

deuterium uptake has the TiVZrNbCr intermetallic alloy 3.28 wt.% corresponding to deuterium to metal ratio 

D/M 1.1. The lowest uptakes, on the other hand, show the two HEA solid solutions 2.44 and 2.07 wt.% 

corresponding to D/M  0.95. The X-ray diffraction patterns of the alloys in as-prepared (full line) and 

deuterated state (red dashed line) are shown in Figure 2b. The sample containing Ag has a single body 

centred cubic (bcc) structure; the one with Ta is composed of two bcc phases different just by lattice constants, 

while the other samples show multiple intermetallic compounds composition. The total pair distribution 

functions, Figure 2c, clearly demonstrate influence of deuterium on the first metallic atomic neighbours. In all 
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cases, the presence of deuterium increases distances between the metallic atoms. In the case of Cr, Ni and 

Fe the increase is significant - by more than 0.2Å, while for the HEA it is less pronounced  0.1Å. 

3.3. Phase composition of the TiVZrNbCr alloy 

 

Figure 3 a. XRD pattern of the TiVZrNbCr alloy with marked Bragg’s peaks of the three identified cubic 

phases, b. XRD pattern of the alloy after deuteration with marked peaks of corresponding phases 

The XRD pattern of the TiVZrNbCr alloy in the as-prepared state is shown in Figure 3a. The alloy consists of 

three cubic phases, whose space groups and lattice parameters are shown in the figure. This confirms the 

alloy has multiphase intermetallic compound composition. The alloy after deuterium saturation shows a 

completely different XRD pattern (for comparison see Figure 3b, top patterns), the peaks of which can be 

assigned to two known hydride phases (ZrV2D2.35 COD ID: 1531582 [7], TiD2 COD ID:2310984 [8]) and one 

cubic Cr-like bcc phase. 

4.  CONCLUSIONS  

In this article we report our preparation, and measurement of deuterium storage in the TiVZrNb-X, (X = Cr, Ni, 

Fe, Ag and Ta) alloys.  

 the alloy containing Ag consist of single bcc phase high-entropy solid solution, the alloy with Ta is 

composed of 2 bcc solid solutions, while the others form multiple intermetallic phases, 

 the highest deuterium storage capacity was measured for the TiVZrNbCr alloy containing 3.25 wt.% of 

deuterium which corresponds to D/M ratio 1.1. On the other hand the lowest capacity is had by the SS 

alloys TiVZrNbAg and TiVZrNbTa, 

 the TiVZrNbCr alloy in the as-prepared state consists of three cubic phases and by deuteration its phase 

composition changed to two tetragonal hydrides and one cubic, likely metallic phase, 

The results of our analysis suggest that these alloys are not suitable for hydrogen storage due to the relatively 

low absorption capacity D/M 1 and relatively high hysteresis of deuterium remaining in the alloy. 
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Abstract  

In this paper, the effects of hydrogen charging and aging treatment on the cyclic plasticity of a S32304 lean 

duplex steel were investigated. The surface modifications were analyzed using atomic force microscopy and 

scanning electron microscopy. The slip morphologies of annealed, hydrogenated or thermally aged specimens 

were compared after cyclic loading at p= 0.07 %. Significant changes were detected for austenite charged 

with hydrogen and for ferrite thermally aged. The results indicated a planar slip mode with a secondary slip for 

hydrogenated austenite. The height and the spacing between the slip marks of austenite (SBH and SBS) 

decreased from [30-5] nm to [8-2] nm and from [3-0.7] m to [1-0.2] m respectively with hydrogen addition. 

The morphology and the mean value of SBH and SBS of ferrite slip lines remained the same after 5 h of 

hydrogen charging. However, the increase of hydrogen charging duration created micro-cracks inside the slip 

bands of ferrite and decreased the value of their SBH and SBS. The thermally aged steel developed straight 

slip bands inside the ferrite after cyclic loading while they were curvilinear in the annealed material. The effect 

of the -phase spinodal decomposition was pointed out even for a short aging duration. 

Keywords: AFM, Plastic deformation, Stainless steel, Fatigue slip marks 

1. INTRODUCTION 

Duplex stainless steels (DSS) are known for their good corrosion resistance and mechanical properties. This 

excellent combination allowed DSS to be widely used in many industries such as petrochemical, nuclear, oil 

and gas transportation [1]. However, in these environments, the applications of DSS can be limited due to 

hydrogen embrittlement (HE) and 475 °C embrittlement [2]. 

The presence of two phases, austenite () and ferrite (), inside DSS complicates the understanding of the 

effect of hydrogen on its mechanical behavior. Austenite presents a face centered cubic structure (FCC) which 

allows a high hydrogen solubility, while ferrite exhibits a body centered cubic structure (BCC) that enables a 

high hydrogen diffusivity but a low solubility [1]. Moreover, hydrogen embrittlement occurrence depends on the 

metallurgical state of the material (aged, cold worked), e.g. [1-3].  

An important effect of hydrogen on the degradation of the steel is the presence of cracks on the surface due 

to a local accumulation of hydrogen [4,5]. In addition, a martensitic transformation ( or ’-martensite) can 

occur in austenite during the hydrogen charging possibly promoted by straining [1,6]. For instance, Okayasu 

et al. [3] showed a severe HE of DSS due to various hydrogen trapping sites and its high diffusivity. They 

noticed a ductility loss of the material while increasing the hydrogen charging. Therefore, to comprehend the 

hydrogen embrittlement of DSS it is important to study its effect on the plasticity of each phase of the steel. 

Besides hydrogen embrittlement, aging DSS at 475 °C can be deleterious for their ductility and can even 

embrittle the steel. Most of the studies [7-9] have investigated the embrittlement of DSS after a long aging 

time. It affects the ferrite phase which decomposes into Fe-rich ’ and Cr-rich ’’ at 475 C by a spinodal 
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decomposition. Ferrite shows a complex interconnected structure between ’ and ’’ that can lower the mobility 

of dislocations and even promotes twinning. According to some studies, the spinodal decomposition in DSS is 

triggered after an aging treatment for a short time [10,11] without any brittleness. 

The objective of the present paper is to investigate how the presence of hydrogen and a short time 475 °C 

aging can affect the plasticity response of each phase of a DSS. To obtain rather large plastic strain without 

instability or fracture, the investigated materials were subjected to cyclic plastic deformation in order to 

accumulate plastic strain.    

2. MATERIAL AND METHODOLOGY 

The lean duplex stainless steel (LDSS) used in this study has been provided by Aperam company. The steel 

has been supplied as annealed and pickled sheets with 5 mm as final thickness. Its chemical composition is 

given in Table 1 which according to ASTM corresponds to the S32304 grade. 

Table 1 Chemical composition of the studied S32304 DSS in wt% 

Chemical elements        Cr            Ni            Mn            Mo            Si            N            C              Fe 

wt%                            22.71       3.85          1.79          0.47         0.45        0.125      0.018        Bal. 

The microstructure of the LDSS was observed using optical microscopy after etching with Beraha reagent 

(solution of 4g NH4HF2, 1g K2S2O5, 80 mL H2O and 40 mL HCl) for 10 s. Figure 1 shows the micrograph taken 

along the rolling direction where the dark phase corresponds to -ferrite and the bright one to -austenite. 

 

Figure 1 Optical micrograph of the S32304 LDSS showing ferrite () and austenite () 

Three microstructural states were investigated: annealed, cathodically hydrogen charged and thermally aged 

at 475 °C. To acquire large plastic strain, low cycle fatigue (LCF) test has been carried out on flat specimen 

extracted along the rolling direction of the plate. The specimens had a gauge length of 12 mm, and a cross-

section of 6 x 0.5 mm2. Samples were prepared first by mechanical polishing with final 1 m diamond paste. 

Then, they were electro-polished in a solution of 80% acetic acid, 10% perchloric acid and 10% of distilled 

water at 25 V. Fatigue tests were performed under controlled total strain during 1500 cycles in order to obtain 

a plastic strain variation equal to p = 0.07 % at each cycle. 

Hydrogen was introduced into the steel by using an electrochemical cell at a cathodic current density of 10 

mA/cm2 in a 0.5M H2SO4 electrolyte containing 0.2 g/L As2O3 to prevent the combination of hydrogen. The 

charging was performed at room temperature for 5 h and 24 h on polished samples as mentioned before then 

subjected to LCF tests. 
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For the aging treatment, a sample was heated in a muffle furnace at 475 °C for 25 h and then cooled at room 

temperature. The surface preparation was performed after the aging treatment and before the cycling test.  

Atomic force microscopy (AFM) analyses were carried out on deformed samples to characterize their slip 

marks patterns. The analyses were conducted in tapping mode using Veeco Nanoscope III AFM. The 

topographic mode was used for the measurement of the heights of the slip bands (SBH) and the spacing 

between the slip bands (SBS). Additionally, Scanning Electron Microscopy (SEM) analyses were performed 

on the surface of each sample. 

3. RESULTS AND DISCUSSION 

3.1. Slip marks pattern in the annealed LDSS  

Plasticity marks were observed on the surface of both phases after loading the annealed specimen. The slip 

marks or slip bands were more or less developed being therefore labelled as slip steps or as fatigue extrusions. 

The slip bands were straight and inclined with the loading axis in austenite (Figure 2 a) while they were 

curvilinear in the ferrite. The morphology of the slip bands in austenite suggests that the dislocation slip mode 

should be planar.  

3.2. Slip marks patterns in the LDSS microstructure after hydrogen charging 

After 5 and 24 hours of hydrogen charging of LDSS (LDSS-5H, LDSS-24H), the austenite was mostly covered 

by slip steps instead of extrusions. Moreover, activation of a second slip system of the austenite was more 

frequently observed, as illustrated in Figure 2 b. The smoothness of the slip lines is well defined after the 

hydrogen addition. SBH and SBS in the austenite grains decrease from [30-5] nm to [8-2] nm and from [3-0.7] 

to [1-0.2] m respectively after 5 h and 24 h of charging. The slip planarity appears to be more marked in 

agreement with literature results [12,13] which can be related to a reduction of stacking fault energy induced 

by hydrogen. Restricted cross-slip and less developed slip bands suggest that hydrogen restricts mobility of 

dislocations which imply more austenite grains to accommodate the plasticity. 

   

Figure 2 AFM amplitude signal error images of slip marks in austenite, (a): for annealed LDSS; (b): for 

LDSS-5H  

No significant change was observed in ferrite grains after 5 h of hydrogen charging.  

However, the hydrogen charging for 24 h affects the relief in ferrite. SBH decrease from [30-15] nm to [18-5] 

nm and others [8-4] nm likewise SBS decrease from [0.9-3] m to [0.5-1] m. The slip bands in ferrite were 

narrower and occasionally accompanied by micro-cracks in the hydrogenated LDSS after 24h in comparison 

with the annealed one (Figure 3). Hence, the hydrogen concentration provided from 5 hours of charging seems 

to be insufficient to generate modifications in ferrite phase and therefore trapped in austenite. These results 

5 μm
(a)

Load axis

5 μm
(b)

Load axis



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

348 

indicate that austenite is the first hydrogen trapping site. The increase of hydrogen charging duration leads to 

a hydrogen saturation of both phases. 

   

Figure 3 SEM images of ferrite (a): for annealed LDSS; (b): for LDSS-24H showing the presence of the 

micro-cracks associated to the slip band 

3.3. Effect of 475 C aging  

After aging at 475 °C for 25 hours (LDSS- 475 C), the microhardness of ferrite increased from Hv0.25 = 236í5 

to Hv0.25 = 270í6 while no variation in microhardness was noted for austenite (Hv0.25 = 2597), confirming thus 

an effect of the aging treatment even for a short duration [14]. Similar results were obtained by Reis et al. [10] 

on the same LDSS. They pointed out the occurrence of the spinodal decomposition inside the ferrite by the 

change of the height values between ferrite and austenite phases of chemically etched surfaces using 

scanning probe microscopy analyses operating in AFM. They noticed a significant height decrease after 25 

hours of aging then the height value remains almost the same while increasing the aging treatment duration. 

To point out the effect of the 25 h - 475 C aging treatment, hysteresis loops recorded during cycling the 

annealed and aged specimens were analyzed with the aim to assess the effective stress, the short distance 

interactions thermal stress. For that, the Handfield-Dickson’s method has been used. It consists in a graphical 

treatment of the loop where the effective stress is determined using the two frontiers (emax et emin) in regards 

to the elastic line as shown in Figure 4.  

 

Figure 4 Assessment of the effective stress from an hysteresis loop 

The effective stress (*) is calculated using equation (1): 

 ∗= PZåæbPZ.ç)                (1) 
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Where:   

 ∗ - the effective stress (MPa)  

Iif-   -  the maximum stress (MPa)  

Ii�U - the minimum stress (MPa) 

While the annealed LDSS material exhibits an effective stress (*) value of 235 MPa during the first cycle of 

fatigue, the latter grows up to 320 MPa for the aged LDSS - 475 C. Then with the following cycles, the effective 

stress considerably vanishes for the aged LDSS - 475 C material to remain at an average value of 150 MPa, 

lower than that of the LDSS annealed material (Figure 5). Regarding summarization, the aging leads to an 

increase in the effective stress (*) of the LDSS material together with an increase in hardness only in ferrite 

and not in austenite. It can be therefore concluded that 25 h is indeed enough to modify the microstructure of 

the ferrite in the S32304 LDSS and influences the dislocation displacements. At first, the aging is suspected 

to redistribute atoms such as chromium which may anchor the dislocations enough to require a stress overflow 

to obtain plasticity. Then, once dislocations are unanchored, they can move easily in “clean” tracks between 

the clusters of chromium resulted from the segregation in the -phase. This has also been confirmed by the 

straight shape of slip bands in ferrite observed by AFM after the aging treatment. 

 

Figure 5 Evolution of the effective stress of annealed and aged duplex versus the number of cycles 

4. CONCLUSION 

This paper has highlighted the importance of the metallurgical state - annealed, hydrogen enriched or thermally 

aged - on the plastic deformation of each phase of a lean duplex stainless steel S32304. The topographic 

modifications produced by cyclic loading were detected by using AFM and SEM for the three different states 

of the steel. The main results are summarized as follows: 

 Slip bands were less high and less spaced inside the austenite grains after hydrogen addition. 

 The slip bands morphology in austenite suggested a planar slip mode enhanced by the presence of 

hydrogen. 

 Hydrogen hinders dislocation mobility in austenite which makes additional austenite grains to be active.  

 No clear change was identified for ferrite grains after 5 hours of hydrogen charging. 

 Hydrogen charging for 24 hours induced the presence of micro-cracks inside the ferrite slip bands.  

 A significant hardening of ferrite was obtained after 25 hours of aging treatment (475 C), reason of the 

spinodal decomposition inside the ferrite, while the behavior of austenite remains unchanged.  

 Ferrite of thermally aged LDSS developed straight slip bands. 
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Abstract 

The presence of primary Nb-particles and their morphology affected by changes in nickel concentration  

in the as-cast microstructure of stainless steels with 18 wt% Cr were analysed. The formation of primary 

particles is due to the decreasing solubility during cooling and solidification of the steel melt, and additionally, 

segregation of alloying elements occurs during solidification, which contributes to the formation of particles. 

The coarse, sharp-edged nitrides formed during solidification reduce the mechanical properties of the material, 

highlighting a significant reduction in impact toughness and resistance to high temperature creep. According 

to the thermodynamic models the solubility of Nb and N was estimated. Solubility product of NbN decreases 

by lowering temperature and increasing the Ni content. With the Scheil-Gulliver model, it was predicted that, 

in a solution with (wt%) 18Cr, 0.5Nb and 0.03N precipitation of primary Nb-particles starts at solid fractions 

0.91. The results were also confirmed using the Scheil solidification calculator with Thermo-Calc program. 

Three batches containing 9, 4.7 and 0.16 wt% Ni were prepared in an open induction furnace and cast into 

sand moulds. The presence of primary Nb-particles, eutectic phases and heterogeneous nucleation particles 

on MnS non-metallic inclusions were observed in the microstructure using an optical microscope and scanning 

electron microscope. By lowering the Ni content in the solution, the solubility product of NbN increases and 

the proportion of primary particles are lower. During cooling the solubility of Nb-particles decreases, small 

NbCN precipitate on grain boundaries and on MnS non-metallic inclusions.  

Keywords: Stainless steel, niobium nitrides, niobium carbonitrides, solubility product, microsegregations 

1. INTRODUCTION 

Stainless steels are designed for use in more aggressive environments where corrosion resistance is required. 

A thin layer of chromium oxide forms on the surface of stainless steels, which protects the material from 

oxidation. Additionally, stainless steels can be alloyed with elements such as niobium, titanium, vanadium, etc. 

The main purpose of mentioned alloying elements is the formation of fine carbides, nitrides and other phases, 

thereby stabilizing the microstructure of stainless steels and improving their mechanical properties [1-6].  

To improve the mechanical properties, the particles (carbides, nitrides) must be as small as possible and 

evenly distributed throughout the matrix, so the concentrations of these alloying elements are usually low. 

However, despite the low concentrations of alloying elements, segregation occurs during solidification and the 

formation of large, sharp-edged, primary particles in the interdendritic spaces. Primary particles do not dissolve 

completely during annealing, leading to local inhomogeneities in the chemical composition of the material. Due 

to their shape, large primary particles have a negative effect on mechanical properties, especially reducing 

impact toughness and high-temperature creep resistance, because the particles are poorly distributed,  

the movement of dislocations and crystal boundaries is easier [7-11]. 
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The solubility of nitrogen and the solubility product of nitrides depend on the chemical composition of stainless 

steels. The influence of the elements in steel melt is determined by the interaction coefficients. In the present 

work, the influence of Ni-content in solution on the solubility of NbN product in stainless steels with 18 wt% Cr 

is studied. Nickel reduces the solubility of N in the steel melt, so the solubility product of niobium nitrides is 

expected to be lower at higher nickel contents [12-15]. 

2. MATERIALS AND METHODS 

Three batches were prepared in an open induction furnace with the chemical compositions given in Table 1. 

A protective argon atmosphere was established above the steel melt surface to prevent oxidation of the melt. 

The melt was poured into a sand mould presented in Figure 1 prepared by CO2 process. The temperature of 

the steel melt was monitored with type B thermocouples (PtRh30 - PtRh6). 

Table 1 Chemical compositions of as-cast samples in wt% 

Sample  C Si Mn S Cr Ni Nb N Fe 

10Ni 0.042 0.32 0.78 0.021 18.19 9.00 0.49 0.039 bal. 

5Ni 0.035 0.24 0.77 0.014 18.70 4.70 0.45 0.040 bal. 

0Ni 0.041 0.24 0.65 0.013 18.36 0.16 0.47 0.030 bal. 

 

Figure 1 A side view drawing of the sand mould and casting 

Samples for metallographic analysis were cut from the middle of the Ø70 section of the castings. The ground 

and polished samples were etched with Vilella’s reagent, followed by microstructural characterization with an 

optical microscope (OM) Microphot FXA, Nikon (Nikon, Minato City, Japan) with a 3CCD video camera Hitachi 

HV-C20A (Hitachi, Ltd., Tokyo, Japan). Characterization of nitride particles were performed by a scanning 

electron microscope (SEM) Zeiss CrossBeam 550 (Carl Zeiss AG, Oberkochen, Germany), with an Octane 

Elite EDAX EDS microanalyzer (AMETEK, Inc., Berwyn, IL, USA) for energy dispersive X-ray spectroscopy 

(EDS). Thermodynamic calculations were performed with the commercial software Thermo-Calc (Thermo-Calc 

2017a, Thermo-Calc Software AB, Stockholm, Sweden). The Thermo-Calc software TCFE8 Steels/Fe-alloys 

database was used to obtain the thermodynamic data for the calculations with Scheil Solidification Simulation 

calculator. 

3. RESULTS AND DISCUSSION 

3.1. Niobium nitrides solubility 

Excessive nitrogen concentration leads to the formation of gaseous bubbles or the formation of nitrides. 

Equation (1) describes the formation of NbN between dissolved niobium [Nb] and nitrogen [N] [7]. 

�Nb� + �N� = NbN                                                                                                                                   (1) 

ΔG°NbN = -221,557.9 + 102.1⋅T    [J/mol]                                                                                              (2) 

The constant of the chemical reaction of niobium nitrides formation (KNbN) can be written as equation (3):  
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Kñòñ = 9óôóõóô⋅�ö÷% ñò�⋅õó⋅�ö÷% ñ�                                                                                                                         (3) 

At equilibrium equation (4) can be written:  

fñò ⋅ fñ ⋅ eù∆ú°óôóü⋅ý = ��ö÷% ñò�⋅�ö÷% ñ�                                                                                                            (4) 

aNbN represents the activity of niobium nitrides, fNb is the activity coefficient of niobium, fN is the activity 

coefficient of nitrogen, [wt% Nb] and [wt% N] are weight percent of dissolved Nb and N, respectively, R is the 

general gas constant, T is the temperature in Kelvin. 

The solubility product of Nb and N was estimated using thermodynamic model for solubility calculations.  

The interaction parameters employed by Yang et al. [13] were accepted in the present study. The solubility 

product of Nb and N will be decreased with temperature as shown in Figure 2. At lower temperatures 

equilibrium solubility product of NbN is lower, making nitride formation more likely. Figure 3 shows the effect 

of Cr and Ni addition on solubility product of Nb and N. Cr increases the solubility of NbN, on contrary  

the addition of Ni decreases the solubility product of NbN. 

 

Figure 2 Effect of temperature on Nb and N 

solubility product in liquid steel melt 

 

Figure 3 Effect of Cr and Ni content on Nb and N 

solubility product at 1773 K 

3.2. Microsegregations of niobium and nitrogen  

For the steel melt with 18 wt% Cr, 0.5 wt% Nb and 0.03 wt% N microsegregations were calculated according 

to Lever rule, Scheil-Gulliver, Brody-Flemings, Clyne-Kurz and Ohnaka microsegregations models. Local 

cooling rate (Rc), solidus temperature (TS) and liquidus temperature (TL) were set as 0.5 K/s, 1749 K and 

1780 K, respectively, other data for the calculation were taken from references [8,9,16,17]. 

Figures 4 (a-c) show the relationship between the fraction solid and the concentration of niobium (a), nitrogen 

(b) and the concentration product of niobium and nitrogen (c), calculated by different models. The 

concentration increases the fastest according to the calculations of the Scheil-Gulliver model, which takes into 

account the complete diffusion of elements in the liquid phase and the non-diffusion state in the solid phase. 

The Lever rule assumes complete diffusion of elements in both the liquid and the solid phases, resulting in the 

slowest increase in element concentration. The other three models describe full diffusion in liquid and partial 

diffusion in solid phase. The equilibrium curve of the solubility product of niobium and nitrogen (green line) is 

plotted in Figure 4c, the area above the curve represents locally supersaturated solution and possibility for 

niobium nitrides formation. The equilibrium curve is intersected only in the case of calculations by the Scheil-

Gulliver model at the end of solidification. With the Thermo-Calc program, equilibrium Scheil solidification 

calculations were performed, the results are given in the diagram in Figure 4d, and similarly show primary 

nitrides formation at the end of solidification cycle. 
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a) b)  

c)   d)  

Figure 4 Concentrations of (a) Nb, (b) N, and (c) product of Nb and N at different fraction solid calculated by 

Lever rule, Scheil-Gulliver, Brody-Flemings, Clyne-Kurz and Ohnaka segregation models. (d) Scheil 

equilibrium solidification curve, calculated by using Thermo-Calc 

3.3. Optical microscopy 

Figure 5 shows optical microscopy images of etched as-cast samples. 10Ni sample has austenitic grains with 

traces of primary delta ferrite grains. 5Ni sample has austenite and ferrite grains, characteristic duplex stainless 

steels microstructure. With decreasing nickel content in the solution, the austenite range decreases, 0Ni 

sample has a ferritic microstructure. 

 

Figure 5 Optical microscopy of as-cast microstructures, etched with Vilella’s reagent (SEM) 

Figure 6 shows EDS elemental mapping of agglomerates of MnS non-metallic inclusions, primary Nb particles 

and eutectic phases in austenite matrix in 10Ni steel sample. The mapping images show that the primary Nb 

particles also contain C, indicating the formation of NbCN in the final solidification phase. In addition to NbCN, 

MnS non-metallic inclusions and eutectic phases (δ + γ + NbCNprim) were formed in the immediate vicinity at 

the end of the solidification. Light, thin layers of niobium carbonitrides were formed on MnS inclusions, which 

indicate formation of heterogeneously nucleated phase at the end of solidification. 
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Figure 6 Backscattered electron image of MnS, NbCN and eutectic phase agglomerates in austenite matrix 

in 10Ni sample, and EDS elemental mapping of Cr, C, Nb and Mn 

 

 

Figure 7 Backscattered electron images of 10Ni, 5Ni and 0Ni steel samples 

Figure 7 shows backscattered electron images of 10Ni, 5Ni and 0Ni as-cast microstructure. In 10Ni steel 

sample darker areas represent untransformed delta ferrite, while the matrix are austenitic crystal grains. 

Between the austenite grain boundaries, where are the areas of microsegregations, MnS non-metallic 

inclusions, NbCN and eutectic phases precipitated during cooling. 5Ni steel sample contains ferrite grains 

(dark grey areas) and austenite crystal grains (light grey areas). MnS non-metallic inclusions and thin, white 

belt of NbCN formed during solidification, while needle-shaped NbCN along grain boundaries precipitated in 

solid. 0Ni steel sample contains MnS inclusions and heterogeneously nucleated layer on MnS of NbCN in 

ferrite matrix. Needle-shaped carbonitrides precipitated in solid state. With decreasing nickel content, the 
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formation of homogenously nucleated primary NbCN and eutectic phases is negligibly small, the precipitation 

of NbCN is more pronounced in solid state.  

4. CONCLUSION 

The characterization of niobium particles in the as-cast microstructure of stainless steels with 18 wt% Cr and 

variable Ni-content was performed. It was shown that the solubility product of Nb and N decreases with 

decreasing temperature and Ni content, using thermodynamic models to calculate the solubility product. The 

drop in solubility product leads to the formation of NbCN. During solidification, local inhomogeneities in 

chemical composition due to segregation of alloying elements occur, the concentration of Nb and N in residual 

liquid during solidification was estimated using segregation models and the Thermo-Calc program. 

Primary NbCN were characterized in segregation areas by scanning electron microscopy. Additionally, MnS 

non-metallic inclusions and eutectic phases were formed during solidification. Austenitic microstructure 

predominated in 10Ni steel samples, and agglomerates of MnS non-metallic inclusions, homogeneously 

nucleated primary NbCN, and eutectic phases were observed between the crystal grains. By lowering the Ni 

content in the solution, the proportion of carbonitrides formed during solidification was negligibly low, most Nb 

particles formed during cooling by forming needle-shaped particles around crystal boundaries and MnS non-

metallic inclusions. 
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Abstract  

To ensure proper maintenance and remaining lifespan of railway axles it is important to correctly estimate its 

mechanical properties. In past many methods were introduced and standardized. However conventional 

methods often require samples to be extracted from examined parts which inevitably leads to destruction of 

said part. Recently featured Advanced Indentation System enables quasi-non-destructive testing and 

evaluation of tensile properties either in-situ or in laboratory environment.  

This paper deals with characterization of hardness and tensile properties of railway axle made of EA4T steel 

using Advances Indentation System. While standard methods of hardness evaluation use optical microscopy 

and size of indent, indentation system uses depth of indent as main parameter for calculations. For evaluating 

tensile properties instrumented indentation technique (IIT) was used. Load-depth curves were obtained from 

loading-unloading cycles and later used to analyse tensile properties. The results were compared with 

standard Vickers hardness tests and data given by standards for railway axles and EA4T steel. Experimental 

data suggests that indentation method is suitable substitute for conventional methods of hardness and tensile 

properties. 

Keywords: Vickers hardness, mechanical properties, advanced indentation system, EA4T steel, railway axle 

1. INTRODUCTION 

As railway axles are crucial parts supporting railway vehicles failure is not an option as it would have dire 

consequences. Since there cannot be any safeguards, the design must be reliable. To ensure every axle in 

series is properly made, standard tests are made on representative axle for each batch. Mechanical properties, 

such as hardness and/or tensile properties, of the railway axle were evaluated in [1-3]. Testing of tensile 

properties is generally destructive which makes them unfit for maintenance procedures for estimating 

remaining lifespan of parts. Automated indentation systems offer quasi-non-destructive test for testing in-situ 

[4-8]. To implement indentation system into practice it is needed to perform comparation studies between 

conventional methods of testing mechanical properties and new methods.  

In this paper hardness and tensile properties measurement by IIT were performed and suitability of IIT as 

viable substitute for conventional methods was discussed. The aim of this paper is to test viability of the IIT 

method and validate its results.  

2. EXPERIMENTAL PART  

2.1. Material 

The material used for study is radial segment of the railway axle. Based on chemical analysis it is made of 

EA4T steel. Diameter of the axle segment was 18 cm, and it was 3 cm thick. The surface had been grinded 
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up to 2400 grit sandpaper. The segment of the axle with highlighted induction hardened layer is visible at 

Figure 1. 

 

Figure 1 Segment of the railway axle with highlighted induction hardened layer 

2.2. Hardness evaluation 

Conventional hardness tests consist of loading an indenter and then calculating hardness from the size  

of indent. Unlike with optical microscopy methods, instrumented indentation technique focuses on measuring 

hardness by measuring depth of the indent and by calculation of contact surface from the measured depth  

[4-5].  

The Oliver-Pharr method (eq. 1) is standardized for methods using optical microscopy. The Vickers hardness 

is given by the maximum force (Pmax) divided by the four-sided pyramidal contact area (S) and  is geometrical 

constant. This is evaluated by measuring diagonals of residual indentation [5-6] 

ë� = � þZåæd             (1) 

Depth sensing indenters measure total imprint into the sample - both elastic and plastic deformation are 

measured. For accurate hardness measurement it is needed to subtract elastic deformation. Resulting 

hardness is given by the maximum force divided by the true projected contact area considering pile-up and 

sink-in.  

For hardness calculated employing the depth of indent the equation (1) must be adjusted to (2) where hc is 

contact depth of indentation [5]. 

ë = þZåæ)n.R∗Gh�J�            (2) 

Hardness tests by IIT were performed on AIS3000HD by Frontics Co., Ltd. Testing depth was 50 m The 

indentation curve of hardness testing is in the Figure 2. Vickers indenter was employed in the test. 

Comparation tests for standard Vickers hardness were performed using Qness 60 A+EVO hardness tester. 

Tests were performed in lines from the centre of the axle to its outer surface.  
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Figure 2 Indentation curve of hardness testing done by AIS3000HD 

2.3. Tensile properties evaluation 

Tensile properties were measured by AIS 3000HD. Theoretical background of IIT can be found in [6][9].  

AIS was attached to the railway axle. Spherical tungsten carbide indenter with a diameter of 500 m was used 

for measurements. Multiple sets of tests from the centre of an axle to its outer surface were performed. Each 

indentation test consists of 15 loading and partially unloading cycles with 50 % unload ratio. The maximum 

depth was 150 µm. Figure 3 shows the load-depth curve of the tensile testing by AIS3000HD. 

 

Figure 3 Load depth curve of tensile testing by AIS3000HD 
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3. RESULTS AND DISCUSSION 

Results of hardness testing are presented in the Figure 4. 

 

Figure 4 Vickers hardness comparation of tests conducted by AIS3000HD with standardized HV20, HV10 

and HV1 acquired by Qness hardness tester. 

The results of the hardness obtained by IIT and standard hardness testing are in good agreement. Results by 

the AIS3000HD follow same trend as the results acquired by Qness and values differ by less 10 % in general. 

The steep gradient at 65 mm indicates transition into induction hardened layer near surface. The IIT hardness 

cannot be attributed to any normative values of standard hardness tests, such as HV10 or HV20, because in 

the case of IIT the maximum depth is the setting parameter instead of the maximum load. 

Results of 3 sets composed of 8 tests of tensile properties are shown in the Figure 5. Note that the graph does 

not include tensile tests from induction hardened layer. 

 

Figure 5 YS and UTS measured by IIT from the middle to the outer layer of the axle 

The standard EN 13261 [10] states properties of the EA4T steel in following way: YS≥420 MPa and UTS∈〈650-

800〉. It can be seen that the results fit well with the values stated in EN 13261 [10]. 
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The hardness results from both methods were in good agreement. Consequently, the results of hardness 

measurement were used for the estimation of the tensile properties. According to standard ASTM A370 tensile 

properties can be approximated based on hardness [11]. The trend of UTS measured by IIT and approximated 

using the correlation stated in ASTM A370 match well. The correlation between hardness and UTS is 

presented in Figure 6.  

 

Figure 6 Correlation between HV and UTS by IIT 

At the lover values of hardness, measured UTS match well with the values estimated from the hardness testing. 

However, at higher values of hardness UTS estimated from the hardness testing is higher about 130 MPa (up 

to 10 %) in average compared to the values measured by IIT. The difference may be a consequence of the 

limit load of AIS 3000HD that was reached in the induction hardened layer due to its high hardness, and 

consequently, the maximum depth of the measurement had to be lowered. The results could be affected by 

lower depth of the measurement. The fact that the standard ASTM A370 is an approximation and not the exact 

measured value has to be taken into consideration as well. 

4. CONCLUSION 

In this paper evaluating of hardness tests by the IIT were done and compared to conventional Vickers 

hardness. Furthermore, tensile properties tests using IIT were also performed, and its results were discussed 

against literature data. Comparing standard hardness tests with instrumented indentation suggests that IIT is 

viable substitute for hardness measurement. The tensile properties tests are in good agreement with the values 

stated in EN 13261 standard. The correlation between Vickers hardness and tensile properties is in good 

agreement considering the approximation found in the standard ASTM A370.  
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Abstract  

The topic of low density steels, also called light weight steels, has gained new interest in the last decade. 

These steels have remarkably low densities around 6.7 kg/l. They are based on the Fe-Mn-Al-C alloy system 

and contain around 15 % Mn and around 10 % Al, with high contents of C, around 0.8 %. Due to high amounts 

of alloying elements, their microstructures can be ferritic, austenitic to duplex (also sometimes triplex). Besides 

the low density, the tensile tests can show elongations up to 90 % and strengths above 1000 MPa. The 

promising steel properties are, however, accompanied by a complicated microstructural evolution, with kappa 

carbide precipitation and ordering of ferrite. The solidification intervals are about 100 °C, and the slow cooling 

leads to B2 ordered phase precipitation, and the formation of different morphologies of kappa carbides, that 

cause embrittlement. Fast cooling prevents secondary precipitation, and avoids phase transformations but the 

internal and thermal stresses cause cracking. The melting itself is not trivial due to the complex chemistries. 

The solidification, microstructural evolution and practical cases of heat treatments and hot working, with 

examples of material failure are monitored. 

Keywords: Lightweight steel, low density, annealing, microstructure, microscopy 

1. INTRODUCTION  

About 20 % of EU greenhouse gas emissions comes from the transportation sector, 72 % of which comes from 

road transport [1,2]. That is why car weight reduction directly affects CO2 emission. Low-density Fe-Mn-Al-C 

steels show potential, as combine low density with excellent strength and ductility [3-7]. In fact the Steel 

strength ductility diagram also known as the “Banana diagram” that has been is the subject of numerous 

scientific and technical publications clearly shows the advantage of this type of steels. It shows a picture of 

both commercially available, as well as emerging steel grades, with the Fe-Mn-Al-C marked with yellow 

(Figure 1). Essentially it classifies automotive steels, in a metallurgical designation providing some process 

information. The gray bubbles include lower-strength interstitial-free steels (IF) conventional high strength 

steels, such as bake hardenable (BH) and high-strength low-alloy steels (HSLA); and Advanced High-Strength 

Steels (AHSS) such as dual phase and transformation-induced plasticity steels. Additional higher strength 

steels (green bubble) include steels with special thermomechanical treatment and alloying, these steels are 

designed for unique applications that have improved edge stretch and stretch bending characteristics, dual 

phase steels (DP) and complex phase steels (CP) that include intercritical annealing and/or rolling in the two 

phase zone, martensitic steel with special alloying elements like B, Cr, Ni, Mn, Mo, Si etc. and highly alloyed 

steels that require unique heat treatments like maraging steel. The high Mn twinning induced plasticity (TWIP) 

and transformation induced plasticity (TRIP) present another group of steels, where the high Mn content 

alongside special thermomechanical treatments enable amazing ductility at high strengths (cyan bubble). 

Besides the obvious advantage in the strength ductility combination, the Fe-Mn-Al-C steels also show low 

density. Addition of aluminum is an efficient way to reduce the steel mass (1.3 % density reduction per 1 wt% 

Al) [3,8]. These low-density Fe-Mn-Al-C steels have three types of microstructure: ferritic, austenitic and duplex 
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[6,9]. Melting and alloying is the first step in making any steel, this can be especially difficult when dealing with 

high contents of reactive alloying elements. The solidification steels is the next important step in the production 

rout, not only dictating the casting method (continuous or ingot), it also has great influence on the 

microstructure and further processing. Hot working is the third important step, as it restricts the shape and 

initial microstructure before the heat treatment. Finally the heat treatment rounds up the mechanical properties 

and microstructure. The present study aims to clarify the microstructural evolution during the production of low-

density multiphase steels, few cases are presented to show the complexity of the process. Ferrite-austenite 

duplex low-density Fe-15Mn-10Al-0.8C (wt%) steel was produced and remelted to analyse the temperatures 

and volume fractions of solidification phases, the results were compared with thermodynamic calculations. 

5 %Ni additions were made according to the results of Kim et al. and Rahnama et al [10,11]. The Ni addition 

changes the precipitations phases and their chemical compositions that affect the mechanical properties [11].  

 
Figure 1 Steel strength ductility “Banana” diagram for commercial and emerging steel grades 

2. EXPERIMENTAL  

10 kg steel samples were made in a vacuum induction melting furnace under a protective atmosphere of 300 

mbar argon. Pure elements, Al, Mn, Ni, C and mild steel were used to produce the laboratory steel grades. 

The steel was cast into a 210 mm long ingot that was 80 mm wide at the bottom and 90 mm wide at the top. 

The cast ingots were homogenised for 2 h at 1200 °C. The samples for DSC were taken from as cast samples. 

The chemical composition (Table 1) was measured by wet chemical analysis and infrared absorption after 

combustion with ELTRA CS-800. The chemical composition (table 1) was measured by wet chemical analysis 

and infrared absorption after combustion ELTRACS-800. Two different compositions were made, containing 

different amounts of Ni. 

The samples for optical microscopy were grinded, polished and etched with 8% nital. Samples for scanning 

electron microscopy electron backscatter diffraction SEM EBSD analysis were grinded and polished by OPS. 

Metallographic analysis was done with Nikon Microphot FXA optical microscope with Hitachi HV-C20A 3CCD 

video camera. A JEOL JSM 6500-F scanning electron microscope, equipped with an Oxford energy-dispersive 

X-ray spectroscopy (EDS) system and Nordlys II EBSD detector was used for SEM analysis. Post processing 

of the EBSD data was performed in Channel 5 software.Hardness was measured by Vickers method (Instron 

Tukon 2100B). Differential scanning calorimetry was made in NETZSCH STA 449 C Jupiter thermal analyser. 

Samples were heated up to 1550 °C at 10 K/min in protective Ar atmosphere, cooling was also carried out at 

10 K/min to room temperature. Since we were investigating solidification of the low-density steel, we used just 

cooling curves for further analysis. We used commercial software Thermo-Calc 2020b, database TCFE10 for 

CALPHAD modelling. We used Equilibrium Calculator, namely, the Property Diagram to obtain phase 

diagrams. 
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3. RESULTS AND DISSCUSSION 

The melting in the VIM was done at 300 mbar Ar atmosphere due to the high evaporation rate of Mn and 

partially Al under higher vacuum. The two different chemical compositions are given in Table 1. 

Table 1 Chemical analysis of the investigated steels (mass%) 

Sample C Si Mn Ni Al Fe 

FeMnAlC 0.83 0.2 15.0 0.1 10.2 Bal. 

FeMnAl5.6NiC 0.81 0.20 14.8 5.6 10.1 Bal. 

The heating of the charged material and the melt along with vapor pressure of Mn and Al at the processing 

temperatures are shown in Figure 2.  

 

Figure 2 Heating and melting of the charge material and vapour pressure of Mn and Al at processing 

temperatures 

As cast microstructure consists from two phases: δ-ferrite and γ-austenite [12]. The microstructure  

of FeMnAl5.6NiC is shown where the lighter phase is δ-ferrite and the darker is γ-austenite (Figure 3).  

The dendritic morphology of ferrite shows a typical dendritic microstructure. SEM EBSD analysis revealed, 

that δ-ferrite contains about 12.2% Al, 11.5% Mn, 7.2% Ni, while γ-austenite contains 9.1% Al, 15.3% Mn and 

4.5% Ni.  

   

Figure 3 As cast microstructure of FeMnAl5.6NiC 

Table 2 Characteristic temperatures (°C) of the investigated steel samples, determined by DSC analysis 

Sample Liquidus Solidus Austenite 

FeMnAlC 1404 1300 1309 

FeMnAl5.6NiC 1375 1266 1286 

DSC analysis of the different charges showed that the Ni additions only slightly lowered the liquidus and solidus 

temperatures, as shown in Table 2. The DSC cooling curves of the investigated steels are presented in 
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Figure 4, the two peaks that occur during solidification are visible on all the DSC curves. In fact, no other 

transformations were detected. First peak belongs to the solidification of δ-ferrite and second one to the 

solidification of γ-austenite [13].  

 

Figure 4 DSC cooling curves for FeMnAlC and FeMnAl5.6NiC 

The samples were hot forged at 1200 °C, some edge cracking occurred and the microstructural analysis 

showed a different microstructure from the as cast one, mainly the transformation of the austenite phase and 

precipitation along the grain boundaries, the edge cracks occurred both along ferrite and on the 

ferrite/austenite grain boundaries, as shown in Figure 5. 

   

Figure 5 Hot forged microstructure of FeMnAl5.6NiC 

The Calphad modelling revealed the formation of Kappa carbides and ordered B2 phase below 1200 °C as 

shown in Figure 6.  

 

Figure 6 Equilibrium phase composition at different temperatures for sample FeMnAl5.6NiC 

The samples were solution annealed at different temperatures, samples that were solution annealed at 

1200 °C for 1 h and water quenched showed a two phase microstructure, while samples that were annealed 
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at lower temperatures (1100 and 1000 °C) still had precipitates, slower cooling medium such as air and 

insulation wool also resulted in partial austenite decomposition (shown in Figure 7). 

 

Figure 7 Annealed microstructures of FeMnAl5.6NiC 

After the solution annealing at 1200 °C followed by water quenching, the samples were annealed at different 

temperatures to investigate the effects of precipitation hardening. The samples were annealed for 2h at 300, 

400, 500, 600, 700, 800 and 900 °C. The hardness of the samples with higher Ni were higher, the hardness 

grew to 700 °C and then fell in the FeMnAlC samples, but the maximum was reached at 800 °C for the 

FeMnAl5.6NiC steel, as seen in Figure 8. Figure 9 shows FeMnAl5.6NiC after annealing at 600 °C. 

 

Figure 8 Hardness and some microstructures of solution annealed and precipitation annealed samples of 

FeMnAlC and FeMnAl5.6NiC 

 

Figure 9 SEM analysis of FeMnAl5.6NiC sample solution annealed sample that was precipitation hardened 

at 600 °C 
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The microstructural analysis revealed that the precipitation of kappa carbides and B2 ordered phase were the 

reason for precipitation hardening during annealing. While the precipitation is mild at lower temperatures 

(500 °C), it intensifies at 700 °C and in even more intense for FeMnAl5.6NiC at 800 °C, the precipitates begin 

to coarsen, and their hardening effect is lost at 900 °C, as some even dissolve in the matrix. The precipitation 

of the B2 ordered phase and kappa carbides was proven b SEM analysis.  

4. CONCLUSION 

The topic of lightweight FeMnAlC steels is very wide as it offers not only new alloying systems but also very 

diverse heat treatments. The steels require special care when melting, alloying and hot working. The hardness 

of well over 300 HV are promising, but further mechanical test are needed to obtain a full spectrum of 

mechanical properties. The hardness values ranged from 320 to 400 HV, with very different microstructures. 

The steels are very susceptible to precipitation of different phases and cracking during hot working and cooling. 

The quenching can prove difficult for internal stresses, especially in larger samples.  
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Abstract 

FRACTESUS (Fracture mechanics testing of irradiated RPV steels by means of sub-sized specimens) is a 

project supported by the European Commission HORIZON2020 programme. The project started in October of 

2020 and will be finished in September of 2024. Twenty-two organizations from across Europe (15), 

Switzerland (1), United Kingdom (3), Japan (1), United State (1) and Canada (1) are participating in this project. 

The goal of this project is to join European and International effort to establish the foundation of small specimen 

fracture toughness validation and demonstration to achieve change in code and standards allowing address 

the various national regulatory authority concerns. 

One of the important tasks of this project is the experimental and numerical simulation of the fracture 

mechanical behavior of the sub-sized specimens. The numerical simulation of the J-integral, of the loss of 

constraint assessment and finally the evaluation of the size effect is being performed. These numerical 

simulations will help to rationalize the experimental data. 

This paper presents the influence of simulated loading conditions and finite element mesh on J-integral. Two 

options were investigated of the load transfer to the specimen: by a pin with a zero friction and by added 

material chunk with the triangular tip. The evaluation of the size effect to the fracture behavior was presented 

also. For this purpose, the Finite Element (FE) code ANSYS was used. 

The paper is for the dissemination of the project results. 

Keywords: finite element method, fracture mechanic, J-integral, modelling of pin, size of specimen 

1. INTRODUCTION  

Fracture toughness is usually used as a generic term for measures of material resistance to extension of a 

crack. It is restricted to results of fracture mechanics tests in this work, which are directly applicable to fracture 

control and to fracture test in describing the material property for a crack to resist fracture. The application of 

fracture mechanics methods allow to assess the structural integrity assessment, damage tolerance design, 

fitness-for-service evaluation, and residual strength of the different engineering components and structures. 

The fracture toughness values may also serve as a basis in material characterization, performance evaluation, 

and quality assurance for dangerous to environment engineering structures including nuclear power plant 

components. Therefore, fracture toughness testing and evaluation has been a very important subject in 

development of fracture mechanics method and its engineering applications [1,2]. 

There are brittle and ductile types of fracture and each type is analyzed by linear elastic fracture mechanics 

(LEFM) or elastic-plastic fracture mechanics (EPFM) theories [1]. The stress intensity factor (SIF) is the 

parameter used in LEFM. Crack tip opening displacement (CTOD) and J-integral are the parameters used to 

describe the conditions of crack tip in EPFM and each can be used as fracture criterion. 

In this paper it was calculated the increase in the value of the J integral as a function of the monotonic 

mechanical loading applied to the simulations, via the formulas given in the ASTM E1921 standard. The 

purpose of this research was to investigate the influence of the simulated loading conditions and finite element 
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mesh on the results of force reaction (P) at the load location and J-integral calculated from P-CMOD (Crack 

Mouth Opening Displacement) curve. Two options of the load transfer to the specimen are presented: by a pin 

with a zero friction (choice 1) and by added material chunk with the triangular tip (choice 2). Two cases of finite 

element meshing were employed (mesh 1 and mesh 2) to check the mesh influence onto the simulation results. 

For this purpose, the Finite Element (FE) code ANSYS was used. The best option is suggested by comparing 

difference in calculated results and size of the models (computational time). 

2. METHODOLOGY 

The idea of numerical investigation of J-integral is numerically simulate the experiment according to actual 

procedures/instructions used for experiment conduction. For this purpose, instructions described in ASTM 

E1921 and ASTM E1820 and [3,4] were used and computer code ANSYS [5] which uses finite element method 

(FEM) has been chosen for numerical simulation. 

2.1. Numerical models 

3D finite element models of Compact Tension (CT) specimen were developed for J-integral modelling. The 

dimensions of FE models are the same as dimension of CT specimen used in the experimental testing, which 

was a standard CT specimen described in ASTM E1820 and ASTM E1921 with W = 50.8 mm, crack length 

a0 = 25.4 mm and thickness B = 25.4 mm. The dimensions of the sub-sized (MCT) specimen are shown in 

Figure 1. Thickness of the sub-sized specimen was 4 mm and initial crack length 4 mm. 

   
Figure 1 Geometry of the sub-sized specimen 

As the specimen is symmetric about the XZ and XY plane, model of 1/4 of specimen was used for simulations 

with restricted displacements normal to the symmetry planes. The choice 1 with the stiff pin is shown in 

Figure 2 a and the choice 2 with the additional material chunk is shown in the Figure 2 b. For the load choice 

1, the displacement of the external side surface of the pin was restricted along X direction and the displacement 

as load was added to the same surface along Y axis. For the load choice 2, the displacement as load was 

added to the edge of the additional material chunk at the center of the pin hole of the specimen.  

In the presented study, the 3D FE models were meshed with quadratic ANSYS SOLID186 elements [5]. These 

elements have brick shape and 20 nodes. However, some SOLID187 elements were also automatically 

a0 = 4 

W = 8 
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generated in a minor amount in case of mesh 2. These elements have a quadratic mathematical formulation 

for displacement interpolation, but the shape of tetrahedron with 10 nodes. For the choice of rigid pin, the 

CONTA174 and TARGE170 elements were used to simulate contact between the pin and specimen. Side 

view of the created meshes is presented in Figure 2.  

 
 a b 

Figure 2 Mesh of choice 1 (a) and choice 2 (b) - side view 

Major difference between mesh 1 and mesh 2 was in different approach to a number of finite elements across 

the thickness of the model. In mesh 1, the number of elements was 23 per thickness for sub-sized model 

(Figure 3 a) and 40 elements for CT model (Table 1). These numbers of elements were the same for the 

entire shape of the models. The mesh was refined toward the external side of the model. In mesh 2, the number 

of elements was 8 per thickness for sub-sized model (Figure 3 b) and the same number for CT model. 

However, the number of elements per thickness at the vicinity of the crack tip was increased to 19 for the sub-

sized specimen model and to 25 for the CT model. The mesh was also refined toward the external side of the 

model. 

Modelling of the pre-crack was performed by using a notch with a radius of curvature ¹0 (¹0 = 0.005 in Figure 1, 

also see Figure 4). This method ensures the convergence of the mesh if ¹0 is chosen small enough [6,7,8].  

It is very important to mesh the crack tip correctly for modelling of fracture parameters. It is recommended [6] 

to perform the analysis using brick shape elements created in circular pattern around crack tip. The prism 

shape elements can also be used, especially when modeling sharp crack tip. The side view of the meshed 

model is shown in Figure 4. Refined zone at the crack tip was identical for CT and sub-sized models. 

 
a 

 
b 

Figure 3 Finite element mesh 1 (a) and mesh 2 (b) on the crack plane 

External side 

Symmetry plane 

Symmetry plane 

External side 
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Figure 4 Side view of the mesh at the crack tip 

Table 1 Mesh statistics of finite element models and elapsed time of solution 

Model type Mesh 1 Mesh 2 

Elements Nodes No of 
elements per 
thickness 

Elapsed 
time( 
hrs) 

Elements Nodes No of 
elements per 
thickness 

Elapsed 
time 
(hrs.) 

CT Choice 1 100790 429291 40 52.8 53973 224658 25 (8) 7.30 

Choice 2 101160 431462 40 42.8 53691 222690 25 (8) 4.76 

MCT Choice 1 54349 235466 23 6.6 42358 178960 19 (8) 3.75 

Choice 2 53475 231644 23 6.2 40889 172379 19 (8) 3.40 

2.2. Material properties 

Material state is considered corresponding to RPV steel mechanical properties at 23 °C. The parameters for 

isotropic elasticity (Young’s modulus and Poisson’s ratio) and isotropic multilinear hardening (multilinear curve 

data for plastic strain range from 0 to 0.7 with 0.02 spacing) are delivered. For the pin material (choice 1) 

following parameters were applied: Poisson’s ratio pin = 0.3 and large Epin = 999999999 MPa Young’s 

modulus. The same material properties were used for the additional material chunk with a triangular tip (choice 

2). Isotropic elasticity parameters of the main material are given in Table 2 

Table 2 Mechanical properties of the main material (RPV steel at 23 0C) 

E ( MPa)  Yield stress (MPa) 

202563 0.3 487 

3. CALCULATION RESULTS  

Primary results of finite element simulation were force reaction (P) at the load location versus crack mouth 

opening displacement (CMOD). These results were used to calculate J-integral according to ASTM E1921 

standard by equations:  
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where: A is the area under P - CMOD curve; C0 - the reciprocal of the initial elastic slope of the P - CMOD 

curve, b0 - initial remaining ligament, BN.- thickness dimension. 

The comparison of J-integral and P results under maximum load for specimen CT and MCT are presented in 

Table 3. Figure 5 presents P as load (a) and J-integral (b) versus crack mouth opening displacement curves 

of 3D FE models.  

Table 3 J-integral and P values under maximum load for material at 23 C 

Specimen 

Pin model 

ANSYS mesh 1 ANSYS mesh 2  

J-integral, 
(kN / m)  

Difference 
between choice 1 
and choice 2( %)  

J-integral, 
(kN / m) 

Difference 
between choice 1 
and choice 2 (%) 

Difference 
between mesh 1 
and mesh 2  (% 

CT Choice 1 302.7 3.3 302.6 2.9 0.03 

Choice 2 292.9 294.0 0.4 

MCT Choice 1 151.8 0.6 152.6 0.3 0.5 

Choice 2 150.9 152.1 0.8 

  P, N  P, N   

CT Choice 1 77610 0.3 77516 0.2 0.1 

Choice 2 77410 77348 0.1 

MCT Choice 1 2092 0.1 2094 0.05 0.1 

Choice 2 2090 2093 0.1 

  
a                                                                                      b 

Figure 5 Numerically determined load (a) and J-integral (b) vs CMOD: specimen CT, Choice 1: 3 - Mesh 1, 7 

- Mesh 2; Choice 2: 4 - Mesh 1, 8 - Mesh 2; specimen MCT, Choice 1: 1 - Mesh 1, 5 - Mesh 2; Choice 2: 2 

- Mesh 1, 6 - Mesh 2 

The influence of simulated loading conditions and finite element mesh on the stress field in the vicinity of the 

crack front and J-integral was analysed. As it was explained before four options were investigated: two load 

transfer choices and two different meshes. It was found that the different meshing has a negligible (less than 

1% difference) influence to numerical P, P - CMOD, and subsequently J-integral results. The more influence 

(3.3% and 2.9% differences) was found comparing J-integral values under maximum load between stiff pin 

and additional material chunk options (choice 1 and choice 2) for CT specimen. 
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4. CONCLUSION 

The numerical investigations of the Compact Tension (CT) and sub-sized Miniature Compact Tension (MCT) 

specimens were performed for the estimation of J-integral for the RPV steel. The finite element method was 

used for the numerical investigation using the state-of-the-art ANSYS code. Primary result of finite element 

simulation was force reaction (P) and after, the P-CMOD curve was used to calculate J-integral according to 

ASTM E1921 standard.  

Two options of load transfer and two finite element meshes were used in modelling of CT and MCT specimens 

for P and J-integral calculation. The largest ~3% difference was found comparing J-integral values under 

maximum load between stiff pin and additional material chunk options (choice 1 and choice 2). Other results 

demonstrated negligible less than 1 % difference between analysed cases. It was estimated that load transfer 

choice has small influence to analysis results and any choice can be used in modelling of load transfer.  

The mesh choices with different approach to number of finite elements across the thickness of the model have 

negligible influence to the presented analysis results. Therefore, the models of choice 2 and mesh case 2 are 

suggested for the presented purpose. However, it is very important to mesh the crack tip correctly for modelling 

of fracture parameters. It is recommended to mesh it using brick shape elements created in circular pattern 

around crack tip.  
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Abstract  

During the rotary friction welding process is a joint made at the interface of two materials using the parameters 

such as temperature, pressure, relative motion speed and the secondary parameter is time. This method offers 

a wide range of applications, especially when are welded rotating parts. The research is focused on 

homogenous and heterogenous rotary friction welds between subsequent materials: steel DIN 975, stainless 

steel 1.4301, aluminum alloy AlCu4PbMgMn, aluminum alloy AlMgSi, copper Cu - ETP, brass CuZn39Pb3. 

Heterogenous welds were formed by various combinations of the mentioned materials, where the 

microstructural analysis was performed and the physical nature of the joint formation during rotary friction 

welding was created. The influence of the geometry on the contact surfaces was monitored on homogenous 

welds - the results were used in the selection of the effective geometry also in heterogenous welds. 

Furthermore, sets of homogenous welds were subjected to a static tensile test, a hardness test and also 

microstructural analysis. Welded workpieces were cylindrical with 10 mm in diameter. 

Keywords: Heterogeneous, microstructural analysis, rotary friction welding 

1. INTRODUCTION 

The need of determination the correct geometry of contact surfaces of metals welded by the method of rotary 

friction welding steams mainly from the need to ensure the most efficient welding process for the homogeneous 

welds and from the diversity of mechanical properties of the individual materials in the heterogeneous welds. 

Equally important is an understanding of internal processes, that ensure the connection. However, theoretical 

claims must always be substantiated by an experiment that verifies the claims. The principles are mainly at 

the level of crystal lattice of material and physical mechanisms associated with it.  

The main goal of research is findings related to the material area, not the technological area. In particular, 

these are the findings concerning the mechanism of joint formation and the influence of these mechanism on 

the mechanical properties.    

2. MATERIALS AND METHODS 

Rotary friction welds are realized on the SV 18 Ra lathe, which was not in any special way for friction welding 

purpose modified. As a locking element of non-rotating workpiece was used jig, which was fixed in tail stock 

of lathe and pressure of the workpieces ensures ejection of tail stock spindle [1]. 

The steel used in the experiments was purchased in the form of threated rods M12 and M14 and subsequently 

turned to a diameter 10 mm. Metric DIN 975 (0.25-0.55 wt% C) threated rods are one-meter-long rods that are 

threated along their entire length. Unlike a screw or bolt, the do not have a head. They are designed to be 

used in tension joining and/or stabilizing objects together [2]. 
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Stainless steel 1.4301 (17.5-19.5 wt% Cr; 8.0-10.5 wt.% Ni), which was used during experiments, is austenitic 

stainless steel and manufacturer guarantees high corrosion resistance but after welding it is not resistant to 

intracrystalline corrosion [4]. Aluminum alloy AlCu4PbMgMn, is primary intended for machining, because the 

lead admixture creates a short chip that can be easily removed. It has medium to high strength, high resistance 

to corrosion and seawater and what is important for our purposes is well weldable without residual stresses 

[3]. Before the microstructural analysis were specimens abbreviated to length 20 - 25 mm, hot pressed into 

bakelite, grinded, polished and etched. 

Problem occurs before microstructural analysis because of etching heterogeneous welds since they are two 

different materials. Every single material needs specific etchant or etching time, so we were doing experiments 

in this matter too. In some cases, we over etched the material or material was not completely/correctly etched 

unfortunately. Specimens prepared in this way was ready for microstructural analysis, which was realized on 

the basic on images made by optical microscope NEOPHOT 32 and evaluation software Axio vision from Zeiss 

company. 

In the case when are welded materials with the different mechanical and physical properties, complications 

occur due the different strength of materials at the high temperatures and also different thermal conductivity, 

which lead to different degrees of plastic deformation. For this reason, three different contact surface 

geometries were tested, which provides three different processes of temperature, for individual welding parts, 

during the entire welding process. Homogeneous welds were also created with different geometries of the 

contact surfaces with later regard to mechanical properties and the efficiency of the joint formation. An 

overview of individual tested geometries is shown in Figure 1. Where the angle 5 = 45° and � = 37.5°. 

 

Figure 1 Overview of individual tested geometries 

The investigated mechanisms of physical metallurgy associated with formation of the joint are mostly diffusion 

mechanisms. All diffusion mechanisms are in progress under extensive plastic deformation and local melting 

temperature of the material. What is important to include in rotary friction welding process is the effect of 

centrifugal force, which affects the said diffusion mechanism. Thus, the centrifugal force affects the diffusion 

direction of the atoms. This assumption was confirmed [1], where the hardness of the welded steel decreased 

at the weld joint and the hardness increased in the direction from the weld to the heat-affected zone and the 

base material. Here, the carbon in the interstitial positions diffused in the direction indicated by the centrifugal 

force.  

It is assumed that, some heterogenous welds were formed as substitution solid solutions, which were governed 

by a size factor, which indicates the ratio of the effective radius of the atoms in the base metal and the impurity. 

This radius may differ by no more than 15 % to form the substitution solid solution. The smaller difference 

between the atomic radiuses means better solubility in solution [5] Elements predominating in the tested alloys, 

meet this condition.  
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As for the vacancy mechanism, the interstitial atom needs less activation energy to jump to the interstitial 

position near the vacancy. Upon substitution, it is clear that the substitution atom fills the vacancy - unoccupied 

nodal point. In the initial stages of rotary friction welding, during intense friction, leveling of surfaces and 

increasing temperature is created a higher concentration of vacancies in these areas, which results leveling of 

atomic concentration described by Fick’s first law. This diffuse balancing of the concentration of atoms take 

place between the two contact surfaces and thus helps to form of the weld. 

3. RESULTS AND DISCUSSION 

In the case of homogeneous welds of steel DIN 975, we used etchant suitable for steel - Nital, which is a 

compound of nitric acid and ethanol (3 % HNO3 + 97 % ethanol). In the Figure 2, are details of the 

macrostructures of the joints created by the second (inner cone - flat) and third (inner - outer cone) geometry. 

As you can see (left side of Figure 2), in the case of second geometry, the non-welded places were appeared, 

due the premature termination of the welding process. The friction weld created by using the third geometry 

(right side of Figure 2) was without the any visible defects. Figure 3 represents microstructures of the friction 

welds created by the second and third geometries, without the visible defects. The right side of figure is little 

bit over-etched.  

 

Figure 2 Detail of the macrostructures of the welded joints 

 

Figure 3 Microstructures of the welded joints 

As for the microstructure of the rotary friction weld created by the first geometry (flat - flat), the weld showed 

along its entire length a fine boundary between the materials, which can be attributed to the early completion 

of the welding process. Due to the better visibility of the mentioned boundary, only Figure 4 of the weld 

microstructure is attached.  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

379 

 

Figure 4 Microstructure of the welded joint created by first geometry 

Microstructure from the weld area demonstrates, in all cases, the grain refinement in weld area and graduated 

transition of grain thickness, in the following direction weld → weld affected zone → basic material [1]. In the 

Figure 5 are seen materials which were used in the heterogenous friction weld of steel DIN 975 and austenitic 

stainless steel 1.4301. In this case was used the etchant suitable for stainless steel with composition of 10 ml 

HNO3, 20 ml HCl, 20 ml Glycerin, 10 ml H2O2. 

 

Figure 5 Microstructures of the base materials 

 

Figure 6 Microstructure of the heterogeneous weld of steel DIN 975 and stainless steel 1.4301 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

380 

In the case of a heterogeneous weld of DIN 975 steel and stainless steel 1.4301, it is possible to attribute the 

formation of the weld to the just mentioned diffusion process, on the basis on the microstructure (Figure 6) of 

the materials in the joint area. This is provided by the difficult-to-observe boundary and the almost smooth 

transition of materials. 

In the case of heterogeneous weld of DIN 975 steel and aluminum alloy AlCu4PbMgMn, the etchant suitable 

for aluminum with a composition of 0.5 % hydrofluoric acid and 99.5 % water was used. If, in the case of a 

heterogeneous weld of the aluminum alloy AlCu4PbMgMn and DIN 975 steel, the formation of the joint 

occurred on the basis of the diffusion mechanism described above, then only on minimal extend. The joining 

of the materials took place mechanically and probably due to the influence of Van der Waals forces (Figure 7). 

The mechanical connection was created on the basis of plastic deformation of the surfaces and the local 

melting temperature of the material (primarily AlCu4PbMgMn). There was no observable change in the 

microstructure of any of the two welded materials. The joint was macroscopically smooth and clean with a 

clear boundary of materials. Of course, the flash was formed only on the aluminum alloy side.  

 

Figure 7 Microstructure of the heterogeneous weld of aluminum alloy AlCu4PbMgMn and steel DIN 975 

4. CONCLUSION 

In conditions of possibility of forming the joint by the method of rotary friction welding, were experiments with 

homogeneous welds of DIN 975 steel purposeful. From a technological point of view, a solid weld was created 

in all three cases without any problems within a few second. It is necessary to take account the fact, that the 

machine was not designed for the purpose of rotary friction welding. For this reason, I believe that it would be 

possible to create rotary friction welds of DIN 975 steel on a professional machine without any defects. As far 

as the geometry is concerned, the use of the first geometry (flat - flat) would probably bring the expected 

results, even within the mechanical properties of the joint and at the same time the economic characteristics. 

It is important to realize that, when using the remaining two geometries, it is necessary to semi-finished product 

adjustment before welding and also after welding modification, due to the larger flash, because during the 

welding process it is necessary to re-weld the entire surface of the cones to form a solid weld. As a result, 

more material is consumed by welding process, which is reflected in the size of the flash.  

The essentially smooth transition of materials in the case of the heterogeneous weld of DIN 975 steel and 

austenitic stainless steel 1.430, proves the smooth mixing of said materials and also their suitable combinability 

during welding.  

In the heterogeneous weld of AlCu4PbMgMn and DIN 975 steel, a solid joint was formed, but not predestinated 

for mechanical stress. 
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The possible determination of the weldability of individual different types of materials is useful wherever it is 

necessary to fundamentally influence the primary physical properties of the material, for example in electrical 

engineering, abrasion-stressed components or even in jewelry. 

Regarding the possible application of technology to the industry, it is useful to have defined mechanisms that 

control the formation of the joint for a particular material.  
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Abstract 

Surface hardening is a process of forming high hardness layer at the surface of metal object, thus improving 

wear resistance without the need for hardening whole section. It allows reduce stress, deformations and cost 

of the finished product compared to through thickness hardening. Electron beam due to high heating rate 

makes it possible to obtain very thin layers with required properties. Also, because of the ease of dynamic 

deflection and focusing, hardening of components with complex geometries is possible. This paper presents 

the results of metallographic and hardness test of electron beam hardened C45 grade steel shaft.  

Keywords: Hardening, electron beam hardening, electron beam, steel, surface treatment, C45 steel, case 

hardening 

1. INTRODUCTION 

Electron beam surface hardening involves the excitation and emission of electrons from a cathode usually 

made of tungsten or a tungsten alloy. These electrons are accelerated at a very high voltage, then deflected 

and directed into the work chamber using electromagnetic coils. As a result of bombarding the surface of the 

workpiece with electrons, its temperature increases by converting kinetic energy into thermal energy. In order 

to obtain a martensitic structure, it is necessary to heat the surface layer of the component 30 - 50 K above 

the austenitizing temperature and then provide a cooling rate greater than critical for the material. For this to 

be possible, the ratio of quenched to unquenched mass must be large enough to ensure that the heat is 

removed quickly enough. Hardening only the top layer of the component reduces deformation and the 

occurrence of stresses, in addition, it reduces energy consumption and thus the cost of manufacturing the 

component [1-11]. 

Advantages of electron beam hardening are [1-6]: 

 metallurgical purity of the process (the process is carried out under vacuum), 

 precise, computer-controlled beam deflection and focusing, enabling hardening of components with 

complex geometries 

 higher heating speeds than in the case of other technologies, reaching even 109 K/s, which enables 

heating the surface of the element faster than its ability to receive heat, resulting from the thermal 

conductivity of the material 

 precise regulation of the process parameters, 

 high precision and repeatability of the process, 

 easy automation, 

 high energy efficiency reaching over 90 %. 
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The C45 steel (1.0503) used in this study is one of the most commonly used industrial upgrading steels. It is 

characterized by good hardenability. Due to its properties, it is widely used for tools and machine elements 

such as shafts, spindles, gears, axles, knives, hubs, injection moulds, rods and, for example, pump impellers 

[10-12]. The authors of [13] studied the effect of tempering time and temperature on the properties of AISI 

1045 grade steel (equivalent to C45 grade steel). The samples were quenched from 850 °C at which they were 

annealed for 30 min. The cooling medium was water. After quenching, the samples were annealed at 900, 950 

and 1000 °C for 1, 2 or 3 hours. The sample annealed at 900 °C for 2 hours showed the best properties. The 

achieved hardness after heat treatment was about 900 HV. In the paper [14], samples of AISI 1045 grade steel 

were annealed for 60 min at 880 °C and then quenched in aqueous solutions with concentrations of 10, 15, 

20, 25% polyvinylpyrrolidone. After quenching, the measured microhardness of the samples were 910, 874, 

844, 830 HV, respectively. The highest microhardness was obtained after quenching in the solution with the 

lowest concentration of polyvinylpyrrolidone. In work [15], 20 mm diameter shafts made of C45 grade steel 

were induction hardened. Using a feed rate of 20 mm/s, a frequency of 27 kHz, and a power of 31 kW, a 

hardening depth of less than 2 mm was achieved. The hardness measured ranged from 650 to 750 HV. With 

the use of laser hardening, using a 500W Nd:Yag laser, the authors of the work [16] managed to obtain 

hardness in the range of 700 - 800 HV with a depth of hardening reaching 1.9 mm. In the case of work [17], 

the use of CO2 laser for hardening elements of steel C45 made it possible to obtain very thin hardened layers 

with a thickness not exceeding 0.2 mm. The maximum hardness measured was 567 HV. 

In paper [18], the effect of electron beam quenching on the properties and structure of AISI D3 tool steel was 

studied. As a result, layers of about 0.4 mm thickness were obtained. The highest hardness of about 1400 

HV0.1 was obtained for the sample quenched at the highest speed, while the lowest hardness of less than 

1000 HV0.1 was obtained for the sample quenched at the lowest speed. The measured hardness of the parent 

material was 650 HV0.1. A transition layer with a reduced hardness of approximately 400 HV0.1 was observed 

in each of the samples. The electron hardening technology has been successfully used in the automotive 

industry. The research [19] carried out at Isuzu Motors Ltd. consisted of the local application of an electron 

beam to the sample and the study of the effect of changing the beam current intensity, as well as the time of 

this application, on the depth of the hardened layer. The material used in the tests was 34CrMo4 steel. The 

maximum hardened depth obtained was 0.9 mm. The frictional wear resistance measured was twice as high 

as that of an unhardened component. The test results were so satisfactory that it was decided to apply the 

electron method to hardening of Isuzu B6 engine tappets, as well as the contact surface of the gearbox 

synchroniser locking ring. In work [20], the electron hardening process was used to reconstruct turbine blades. 

In order to restore the original properties of the components, the stealite layers were ground off and then 

subjected to an electron beam surface hardening process. After the electron hardening process, the surface 

hardness was about 700-800 HV0.03 which made it possible to continue using the blades. According to the 

authors of the paper, the cost of the process was fifteen times lower than the cost of manufacturing a new 

blade. The paper [21] studied the effect of using different modes of beam oscillation on the properties of the 

obtained hardened layers. It was shown that the deflection mode has little effect on the maximum hardness, 

however, the use of deflection not only in the direction perpendicular to the direction of motion, but also in the 

parallel direction, results in greater grain growth. The geometric profiles of the stitch cross-section are different 

for each of the oscillation patterns used. The authors indicated that the quenching rate only affected the depth 

of the hardened layer, which increases as the rate decreases. The maximum hardness obtained was 740 

HV0.5, while the hardened layer depths ranged from 0.1 - 1.5 mm. The authors of the paper [22], in which the 

results of the optimization of the oscillating electron beam hardening process were presented, showed that: 

 the heating rate increases linearly with increasing electron beam power while keeping the sample travel 

speed constant; 

 the heating rate increases with the sliding speed while keeping the electron beam power constant; 

 the cooling speed is strongly dependent on the sliding speed while keeping the beam power constant; 
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 the cooling speed shows little dependence on the electron beam power while keeping the sliding speed 

constant. 

The paper [23] also presents the results of research on optimization of electron quenching process. The 

authors performed mathematical simulations of the influence of process parameters on the microstructure and 

depth of hardened layers, and then performed technological tests on real components. During the trials, the 

components were hardened using an oscillating beam. The depth of hardening ranged from 0.3 to 1.1 mm and 

the highest measured surface hardness was 60 HRC. Based on the results, the authors showed that among 

the analysed parameters, the resulting electron beam power had the main effect on the cooling rate and thus 

the surface hardness. The hardening depth, on the other hand, depends on the energy density of the electron 

beam on the surface of the hardened object. 

2. EXPERIMENTAL PROCEDURE 

The hardening tests were carried out at Lukasiewicz Welding Institute in Gliwice using CVE EB756 model XW 

150:30 with a maximum power of 30 kW at an accelerating voltage of 150 kV. The hardened elements in the 

form of shafts with a diameter of 17 mm and a length of 200 mm were made of C45 grade steel (1.0503). 

Figure 1 shows, how the elements were mounted, as well as a schematic of the electron beam hardening 

process. 

 

Figure 1 a) Method of fixing the shafts in the three-jaw chuck; b) Scheme of the electron beam hardening 

process 

The operation conditions were as follows: 60 kV for acceleration voltage, 1.589 m/min for the scanning speed 

which was limited by shaft diameter and the speed of turntable, 25, 26, 27, 28 and 29 mA respectively for 

beam current. The surface of no specimen was melted during process. Transverse sections of all electron 

beam traces were cut as specimens for metallographic examination by optical microscopy (OM) or scanning 

electron microscopy (SEM). All specimens were polished and etched using 2% Nital solution. Microhardness 

was measured as a function of depth below surface and width of the hardened layer using a Vickers hardness 

tester under a load of 0.1 kg. 

3. RESULTS AND DISCUSSION 

The microstructure of the test steel in the delivery state contained pearlite and ferrite as shown in Figure 2a. 

Figure 2b shows the transverse section of one of the specimens (25 mA for electron beam current). There are 

clearly visible 3 zones. The first layer very darkly etched forms a hardened layer on the surface of the sample. 

The area below these layers is brightly etched and forms very thin transition layer. Both these layers forms a 
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region near the surface called HAZ (heat affected zone), which has clearly undergone a series of phase 

transformations. The area below that region shows microstructure of parent metal which means it was 

unaffected by the process. As seen in Figure 3a, the microstructure of the hardened layer consists mostly of 

martensite, whereas the transition layer is a mixture of perlite and martensite as shown in Figure 3b. 

  

Figure 2 a) Microstructure of base material; b) transverse section of 25 mA specimen 

  

Figure 3 a) Microstructure of hardened layer; b) Microstructure of transition layer 

Table 1 summarizes the results of the measured HAZ depth alongside the maximum measured hardness for 

each specimen. Figure 4 and 5 show hardness as a function of depth from surface and width of the hardened 

layer for picked specimens (25 mA and 29 mA for beam current). As can be seen, the hardened region has 

width of around 10 mm and depth of HAZ from surface in range of 0.3 up to 0.45 mm whereas effective 

hardening depth (effective case depth) is in range of 0.15 to 0.3 mm. 

Table 1 Results of electron beam hardening 

No. 
Electron beam current 

(mA) 
Beam power (W) Depth of HAZ (mm) 

Maximum measured 
hardness (HV0.1) 

1 29 1740 0.447 1039 

2 28 1680 0.353 944 

3 27 1620 0.326 960 

4 26 1560 0.326 1035 

5 25 1500 0.303 1102 

a) b) 

a) b) 
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Figure 4 Microhardness (HV0.1) map for specimen 1 (29 mA for beam current) 

 
Figure 5 Microhardness (HV0.1) map for specimen 5 (25 mA for beam current) 

4. CONCLUSION 

Electron beam surface hardening (EBH) of C45 grade steel has produced excellent. The maximum hardness 

level achieved is well beyond capabilities of conventional methods, at the same time surface of specimens has 
not degraded. The microstructure of hardened layers consisted of martensite. Both HAZ and effective case 

depth increases with increasing the electron beam current, however, the highest hardness measured was on 

the sample with the lowest current (25 mA). 

REFERENCES 

[1] PILARCZYK J., WĘGLOWSKI M. S. Spawanie wiązką elektronów. Welding Technology Review. 2015, vol. 87.  

[2] WĘGLOWSKI M. S., JACHYM R., KRASNOWSKI K., KWIECIŃSKI K., PIKUŁA J., ŚLIWIŃSKI P. Electron Beam 
Melting of Thermally Sprayed Layers - Overview. Biuletyn Instytutu Spawalnictwa. 2021, no 3, pp. 7-19. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

387 

[3] DVS Technical Codes on Electron Beam Welding. English Edition. 2013, vol. 8. ISBN 978-3-87155-244-1 

[4] KLAUS-RAINER SCHULZE. Electron Beam Technologies. Wissen kompakt. DVS Media, 2012. ISBN 3-87155-
227-5. 

[5] VALKOV, S., ORMANOVA, M., PETROV, P. Electron-Beam Surface Treatment of Metals and Alloys: Techniques 
and Trends. Metals. 2020, no. 10, p. 1219.  

[6] RIBTON, C. Intelligent power supplies for electron beam welding at 300 kV and 150 kW. In: IEE Colloquium on 
Power Electronics for Demanding Applications (Ref. No. 1999/059). 1999, pp. 4/1-4/7. 

[7] BURAKOWSKI T., WIERZCHOŃ T. Inżynieria Powierzchni Metali. Wydawnictwo Naukowo Techniczne, 1995. 

[8] NOWOTYŃSKA, I., KUT, S. Wybrane metody obróbki powierzchni narzędzi do formowania metali. Logistyka. 

2014, vol.6. 

[9] DOBRZAŃSKI, L. A., DOBRZAŃSKA-DANIKIEWICZ, A. D. Obróbka powierzchni materiałów inżynierskich. Open 

Access Library. 2011, vol. 5. 

[10] PAWŁOWSKI, B. Obróbka cieplna i cieplno-chemiczna stali. Praca zbiorowa pod redakcją J. Pacyny: 

Metaloznawstwo. Wybrane zagadnienia. Uczelniane Wydawnictwo Naukowo-Dydaktyczne AGH, 2005, pp. 175-
202. 

[11] JANKOWSKI, T., GŁOWACKA, M. Hartowanie i odpuszczanie stali węglowych. Praca zbiorowa pod redakcją J. 
Hucińskiej: Metaloznawstwo. Materiały do ćwiczeń laboratoryjnych. Wydawnictwo Politechniki Gdańskiej. 1995, 

pp. 107-129 

[12] DOSSETT, J., TOTTEN, G.E. Steel Heat Treating Fundamentals and Processes. Introduction to Surface 

Hardening of Steels. ASM Handbook, vol. 4A. Revised by Michael J. Schneider, The Timken Company, and 
Madhu S. Chatterjee, 2013. 

[13] AKHYAR, I., SAYUTI, M. Effect of Heat Treatment on Hardness and Microstructures of AISI 1045. Advanced 
Materials Research. 2015. vol. 575, pp. 1119-1125.  

[14] VIEIRA, E.R., BIEHL, L.V., MEDEIROS, J.L.B. et al. Evaluation of the characteristics of an AISI 1045 steel 
quenched in different concentration of polymer solutions of polyvinylpyrrolidone. Sci. Rep. 2021, vol. 11, pp. 1313-

1319.   

[15] MAGNABOSCO, I., FERRO, P., TIZANI, A., BONOLLO, F. Induction heat treatment of a ISO C45 steel bar: 

Experimental and numerical analysis. Computational Materials Science. 2006, vol. 35, no. 2, pp. 135-141. 

[16] BOUQUET, JAN & VAN CAMP, DRIES & VANHOVE, HANS & CLIJSTERS, STIJN & AMIRAHMAD, 

MOHAMMADI & LAUWERS, BERT. Development of a Flexible Laser Hardening & Machining Center and Proof of 
Concept on C-45 Steel. Physics Procedia. 2014, vol. 56. Available from: 

https://doi.org/10.1016/j.phpro.2014.08.021. 

[17] TEIRUMNIEKS, N. Laser hardening of steel C45. In: 21. Starptautiskā studentu zinātniski praktiskā konference 

Cilvēks.Vide. Tehnoloģijas. 2017, pp. 204-209. Available from: http://dx.doi.org/10.17770/het2017.21.3565. 

[18] SONG, R. G., KEPENG, Z., GUANGLIANG, C. Electron beam surface treatment. Part I: surface hardening of AISI 

D3 tool steel. Vacuum. 2003, vol. 69, pp. 513-516. 

[19] KATSUYUKI, M. SHIROH, TAKAYUKI H., MASAHIKO K. Electron beam hardening. Int. J. of Materials and 

Product Technology. 1990, vol. 5, no. 3. 

[20] STORCH, W., MÜHL, F., SCHULZE, K. R. Electron beam hardening for the regeneration of turbine blades. 

Welding International. 1988, vol. 2, no. 12, p. 1127-1130. 

[21] MATLÁK, J., DLOUHÝ, I. Properties of Electron Beam Hardened Layers made by Different Beam Deflection. 

Manufacturing Technology. 2018, vol. 18, p. 279-284.  

[22] PETROV, P. Optimization of carbon steel electron-beam hardening. J. Phys.: Conf. Ser. 2010, vol. 223, art. 

012029. 

[23] FRIEDEL, K. P., FELBA, J., WYMYSLOWSKI, A., POBOL, I. A systematic method for optimizing the electron 

beam hardening process. Vacuum. 1996, vol. 47, no. 11, pp. 1317-1324.  
  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

388 

MICROSTRUCTURE AND WEAR PROPERTIES OF 42CRMO4 STEEL PREPARED BY 
VARIOUS HEAT TREATMENTS METHODS 

1Cansu ÇELTİK, 1Yakup YÜREKTÜRK 

1Bursa Technical University, Department of Metallurgical and Materials Engineering, Bursa, Turkey, 

cansu.celtik@btu.edu.tr 

https://doi.org/10.37904/metal.2022.4404 

Abstract  

42CrMo4 steels are widely used in automotive, aerospace applications and machine tools where wear 

resistance needs to be maintained throughout its lifetime. It is possible to change the initial microstructure of 

these steels with various heat treatments and improve their mechanical properties. For this purpose, the effect 

of different heat treatment processes on wear characteristics of 42CrMo4 quality steel was investigated in this 

study. After various heat treatments methods, spheroidized ferrite-perlite, tempered martensite, tempered 

martensite with spherical carbides microstructures were obtained in 42CrMo4 steel. Hardness measurements 

and the wear tests were performed with microhardness tester and reciprocating type tribometer, respectively. 

The microstructural features developed by the applied heat treatments were examined with an optical 

microscope, and the wear characteristics were studied in terms of friction coefficient, wear volume loss, and 

worn surfaces of samples. 

Keywords: 42CrMo4 Steel, heat treatment, microstructure, hardness, wear, metallurgy 

1. INTRODUCTION 

Wear is a significant material failure mechanism that reduces the surface quality and cause deterioration of 

machining tolerance of parts working in contact. 42CrMo4 quality steels with high toughness and strength 

properties are widely preferred in applications involving contact deformation such as machine parts. Heat 

treatment is an effective method of obtaining the optimum microstructure component of the steel in order to 

increase its mechanical properties to the desired level. The wear behavior of a material varies mainly 

depending on the mechanical features of the worn surface, such as hardness and toughness, in a tribological 

system [1]. It is essential to identify how wear characteristics differs according to the basic steel microstructures 

when designing wear-resistant steel components.  

Hardness provides wear resistance by reducing the depth of wear, and toughness by limiting delamination in 

the worn area [2]. Hardness is a structure- sensitive property that is lowest in ferrite structures formed from the 

austenite phase during slow cooling and highest in martensite structures transformed with rapid cooling. 

Advanced strength, toughness and hardness mechanical properties for a steel alloy can be achieved by the 

tempered martensite microstructure. The hard carbides precipitated in the martensitic matrix have wear-

improving characteristics, and tempering temperature has a considerable effect on wear resistance by altering 

the amount of precipitation, matrix hardness, and retained austenite fraction [3]. Moderate cooling 

transformation phase of pearlite consists of a layered arrangement of ferrite and cementite, and the 

morphology and distribution of iron-carbide in it also affects the wear resistance. Perlite clusters dispersed in 

a ductile ferrite matrix strengthen the structure and reduce the rate of material loss during wear. Earlier 

researches indicate that, lamellar perlite is more resistant to fricton-induced plastic deformation in an abrasive 

environment than spherodized perlite [4]. Free movement of dislocations caused by the increasing intercarbide 

distance during the spheroidization process enhances the wear rate, and also in severe wear conditions, 
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coarse spherical carbides can promote abrasive wear through the hard particle effect [5, 6. However, 

spheroidisaiton annealing in pearlitic structure improve the machinability, impact toughness and fatigue 

properties of the steel, as well as providing a more homogeneous and harder texture in the hardening process 

to be applied later. In the martensitic structure developed with quenching after spheroidization annealing, 

carbides can be partially dissolved in the austenitization process. Wu et al. investigated the effect of 

spheroidization treatment prior to quench-tempering in GCr15 bearing steel and concluded that enhancing the 

initial grade of spheroidization improved hardness and wear performance [7]. 

The purpose of this study is to characterize the wear behavior of 42CrMo4 steel as a response of different 

microstructures obtained from various heat treatment methods. To examine the wear performance of the steel 

after heat treatments, reciprocating wear test conducted at room temperature against 100Cr6 steel ball. 

Examination of the microstructural evolution, elemental analysis of the wear zone, and hardness testing are 

also included to reveal the steel's wear behavior. 

2. EXPERIMENTAL 

The chemical composition of 42CrMo4 quality steel is given in Table 1. 42CrMo4 grade steels in the form of 

cylindrical slabs were processed to dimensions of 30 x 300 mm and afterwards heat treated. 

Table 1 Chemical composition of 42CrMo4 steel  

Elements C Si Mn P S Cr Ni Mo Cu Al Sn 

Contend (wt%) 0.43 0.26 0.65 0.015 0.021 1.07 0.19 0.16 0.16 0.021 0.006 

In the study, spheroidized perlite-ferrite, tempered martensite, tempered martensite with spherical carbides 

micostructures were obtained with different heat treatments applied to 41Cr4 steel, and the relevant samples 

were abbreviated as SFP, QT and SQT, respectively. 41Cr4 quality steel has a ferrite-perlite microstructure 

as it is cooled in air after hot rolling during the industrial production routes, so the as-received specimen 

abbreviated as FP. In QT sample, tempering carried at 400 °C for 1 hour after quenching from austeinisation 

treatment at 850 °C and water was used as the quenching medium. Spheroidizing annealing treatment was 

applied at the subcritical temperature of 700 °C for 4 hour followed by furnace cooling with 1.96 C/min cooling 

rate which determined by a K-type thermocouple contact with sample surface. Similar quench-tempering 

process parameters with the QT sample was applied to the SQT sample that cooled to room temperature after 

the sphericalization process. The schematic representation of the related heat treatment processes is as in 

the Figure 1. 

 

Figure 1 Schematic heat treatments illustrations 

 

Figure 2 Ball radius and height between  

wear ball and surface 
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The hardness variation of the heat treated samples was investigated by Vickers test method (HV5), and the 

average of five different region's measurement values was calculated. Wear volumes and varying friction 

coefficients with sliding distance were measured with the laboratory scale Bruker (Tribometer) brand wear 

device. A reciprocating wear test was applied to the sample surfaces with a 5 mm diameter steel ball (100Cr6 

steel) with a total sliding distance of 20 meters, a force load of 3.5 N and a wear path parameters of 5 mm. 

Wear volume was calculated based on the initial ball radius (R) and the height h (Figure 2) measured after 

wear test using the equation given in below [8].  

� =  �j�ℎ) G3¹ − ℎJ                                                                                                                                         (1) 

where: 

W: Wear volume (mm3) 

R: Ball radius (mm) 

h*: decreasing height (mm) 

*h measured after wear, was calculated depending on the change in the z-axis position (Δz) of the ball at the 

test start and end moment. 

3. RESULTS AND DISCUSSION 

41Cr4 steel are in ferrite-perlite microstructure (FP sample) seen in Figure 3a as it is received after production. 

In Figure 3b, after the spheroidization heat treatment, spherical cementite types were dispersed in the matrix 

and fingerprint structure was disappeared. 

 

Figure 3 Ferrite-perlite microtructure a) (lower magnification) and b) (higher magnification) and spheroidized 

ferrite-perlite microstructure c) (lower magnification) and d) (higher magnification) 

After conventional quench-tempering treatment and pre-spheroidization followed by quenching and tempering, 

a similar morphology, lath-type tempered martensitic microstructure is observed in QT and SQT samples as 

shown in Figure 4. In these two samples, tempering process was applied at a similar temperature (400 °C) 
and time in the last step, and no retained austenite phase was found in these samples since it would 

decompose at the relevant temperatures. Cementite (Fe3C) and alloy carbides formed in 42CrMo4 steel are 

located on tempered martensite substructures and appear as black dots that can be distinguished in optical 

microscope photographs. The quenching and tempering process in the SQT sample starts with austenite 
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transformation from a stable ferrite-perlite microstructure containing spheroidized carbides. About that case, 

the primary carbides and cementites may be partially dissolved during the austenitization process at 850 °C, 

while the coarse spherical carbides present in the original structure may remain undissolved. The coarser and 

intensive carbides observed in the SQT sample can therefore be attributed to the formation of new carbides in 

the structure and the coarsening of the existing carbides during the 400 °C tempering process. 

 

Figure 4 Quench-tempered microtructure a) (lower magnification) and b) (higher magnification) and pre-

spheroidised quench-tempered microstructure c) (lower magnification) and d) (higher magnification) 

The hardness values determined by the Vickers test method after the applied heat treatments are as in 

Figure 5. Conventional quench-tempering treatment applied to the ferrite-perlite initial microstructure (FP) 

significantly increased the hardness value. Similar hardness values are observed in SQT and QT samples 

treated at the same tempering time and temperature. It was observed that the pre-spheroidisation annealing 

applied before quenching-tempering did not cause a significant change in hardness. As compared to the FP 

sample, the modest drop in hardness during the spheroidization process in the SFP sample is due to 

morphological changes in the carbides present in the microstructures. 4 hours of holding and furnace cooling 

at a rate of 1.96 C/min resulted in decline in hardness of around 10 %. Hidalgo et al. stated that the carbon 

ratio in the matrix has a significant effect on the hardness change [9]. During the spheroidisation as the 

carbides in the structure aggregate throughout the subcritical temperature holding period, the carbon ratio in 

the matrix lowers, and reduced the hardness. 

 

Figure 5 Variations in hardness of heat-treated samples with different methods 

The variation of the coefficient of friction (COF) with time in the room temperature reciprocal wear test applied 

to the samples is as in Figure 6. The average friction coefficients of the FP, SFP, QT and SQT samples were 

calculated as 0.68, 0.62, 0.61 and 0.58, respectively. Even as similar results are observed, the friction 

coefficient values are determined for the lowest SQT and highest FP samples. It was observed that the friction 
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coefficients of the samples, which increased with time at the beginning of the test, continued with regular 

fluctuations at values close to the average calculated COF values of the samples after certain sliding distances. 

This can be explained by the fact that the increase in surface roughness at the beginning of wear raises the 

coefficient of friction, but with the increase of the sliding distance, the wear track becomes flatter and the COF 

value altered with minimal variations. As the friction coefficient increases, the material's wear rate increases, 

so it can be interpretted that the SQT sample shows slightly better wear resistance [7]. 

 
Figure 6 Variation of friction coefficients with time of different heat treatments 

The wear ball volumes calculated with equation (1) at the termination of the reciprocating wear tests are shown 

in Figure 7. The contact ball exhibited the highest degree of wear ball in the quench-tempered (QT) sample 

and the lowest level of wear ball in spheroidized quench-tempered (SQT) sample. When the SQT and QT 

samples with similar hardness values are evaluated, the SQT sample with a homogeneous distribution of 

undissolved spherical carbides demonstrated a lower friction coefficient and 100Cr6 steel ball showed greater 

wear resistance in this sample. Relatively low hardness and ductility of the ferrite-perlite microstructure 

explains the better adhesion of the wearing particles to the surface and consequently the lower material loss. 

Low variations in hardness between FP and SFP lead to corresponding differences in wear loss. Ferrite-perlite 

microstructure including lamellar cementite caused less wear ball volume compared to that having globular 

cementite. Since plastic deformation of lamellar carbides requires more energy than deforming of spherical 

carbides in the ferrite matrix, the ferrite-pearlite sample exhibit more resistant wear behavior with abrasive 

steel ball [10]. 

 

Figure 7 Calculated wear ball volumes of different heat-treated samples 

The presence of a high level of the oxygen element in the point EDS analysis data (Figure 8) from the worn 

area indicates that oxidation occurs between the ball (100Cr6 steel) and the surface as a result of the locally 
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increased temperatures during the wear process. The wear debris as a result of the fragmentation of the high 

hardness oxide layer could have an additional abrasive effect, leading in surface delamination and material 

loss. The oxide layer in the wear tracks also could prevent the welding effect that may occur between the steel 

ball and the sample surface, and therefore, abrasive wear behavior was observed on the surfaces rather than 

adhesive wear.  

 

Figure 8 EDS analysis of wear debris on the wear track 

4. CONCLUSION 

In this study, ferrite-perlite, spheroidized perlite-ferrite, tempered martensite, tempered martensite with 

spherical carbides micostructures obtained for 42CrMo4 steel and hardness and wear characteristics 

examined. The following conclusions can be drawn: 

 Spheroidization prior to quenching-tempering resulted in the dispersion of insoluble carbides in the final 
microstructure, with no significant change in hardness values but a decreasing in wear ball volume. 

 While the lowest hardness values were observed in the spheroidized ferrite-perlite structure, a lower 

wear ball volume and therefore more resistance to the abrasive ball in contact was obtained in the 

lamellar ferrite-perlite structure. 

 The friction coefficients exhibited low variation with the applied heat treatments, and the lowest COF 
value was observed in the SQT sample and the highest in the QT sample. 

 A consistent correlation could not be established between the measured hardness, average friction 

coefficients and wear ball volumes for the samples. 

 In the wear test against 100Cr6 steel, 42CrMo4 steel exhibited abrasive wear characteristics, as 

oxidative wear were observed in the wear zone. 
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Abstract 

Heat treatment is usually preferred to achieve the pre-determined material properties of steel components 
thereby suited for several engineering applications. Gas quenching after austenitisation in vacuum is an 
established process for this purpose, as it is clean and environment friendly. The selection of quenching 
parameters depends on many factors such as sample geometry as well as material and the batches. The 
process parameters are adopted by many years of expert knowledge, complex calculations or from trial and 
error methods. This problem is addressed in this scientific study by developing a prognosis tool, which can 
predict the heat treatment results based on an artificial neural network (ANN). This is attained by training the 
ANN on the basis of experimental and numerical investigations. Therefore, the heat treatment experiments 
were carried out on specific components made from 42CrMo4 and 100Cr6 in a two chambered quenching 
setup, where N2 gas act as quenching fluid. The cooling behaviour will be investigated under the variation of 
process parameters such as gas pressure, geometry and batches. The development of the microstructure and 
hardness as a function of the process parameters are analysed metallographically. For the detailed 
investigation as well as to improve the training quality of ANN, FEM simulations are developed and validated, 
which serves afterwards to research the influence of parameter variation numerically. Thereby, sufficient data 
are generated numerically and experimentally for the successful training of the ANN of the prognosis tool, 
which can finally predict the heat treatment results. 

Keywords: Steel, material properties, heat treatment, FEM, ANN 

1. INTRODUCTION 

Heat treatment is a suitable method for achieving the desired properties of steels. In particular, gas quenching 
after austenitisation in vacuum is an economical, clean and environmentally friendly method for hardening of 
steels. The selection of the heat treatment parameters has to be accomplished by considering the steel grade, 
component geometry and batches as well as the furnace and quenching setup. Depending up on the type of 
steel the Time-Temperature-Transformation (TTT) behaviour and thereby the maximum achievable hardness 
and hardening depth varies based on the respective chemical composition. The quenching plant parameters 
such as ventilator velocity, gas pressure, gas type and quenching chamber size highly influence the flow traits 
and finally the thermal history of the component being quenched. The previous works [1-4] investigated the 
influence of flow velocity and gas pressure during gas quenching. This makes it obvious that, in addition to the 
purely metal-physical processes in the component, expertise on the thermofluid-dynamic processes is also 
required to estimate the appropriate boundary conditions and in particular the cooling conditions. The selection 
of heat treatment parameters requires a great deal of expertise, elaborate calculations or trial and error . In 
order to minimise the effort for the design of the heat treatment process, the development of a prediction tool 
based on artificial neural networks (ANN) is planned, which enables the prognosis of the heat treatment results. 
The scientific stages of development are presented in this paper. 
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2. EXPERIMENTAL SETUP AND NUMERICAL MODELING 

To develop the prediction tool four stages are adopted. In the first stage the components are heat-treated with 
varying process parameters and the temperature history within the specimen is recorded. The flow inside the 
chamber and temperature characteristics are investigated experimentally and numerically. Validated CFD 
(Computational Fluid Dynamics) computations are adopted for obtaining the boundary conditions especially 
the local heat transfer coefficient (HTC) depending on the quenching parameters. Afterwards the heat-treated 
components are analysed in order to get an insight into the microstructure and hardness achieved. 
Furthermore, to generate sufficient data for the training of the ANN, FEM simulations are carried out 
considering variation of the HTC, which thereby guides to map the microstructure development and hardness. 
Based on the experimental and numerical results obtained, the ANN is trained. After succesful training of the 
ANN and its validation, this serves to predict the hardness values depending on the input process parameters, 
specimen geometry and batches. The experimental setup and procedures are described in the following 
sections. 

2.1. Heat treatment setup  

For this research a two chambered (IPSEN) quenching setup is selected where heating and quenching is 
accomplished in two separate chambers with quenching chamber dimension 
(L × B × H = 625 × 435 × 420 mm3). The probe under investigation is a disc with diameter Ø = 125 mm and 
h = 25 mm (Figure 1 (a)) and from 42CrMo4. The oven temperature is set at 850 °C and the oven hold time 
(to) is 75 minutes in vacuum condition for proper austenitisation. Due to safety reasons higher to cannot be 
achieved. The quenching medium is N2 gas with an average temperature of 70 °C. In this work the gas 
pressure is varied 
between 10 and 6 bar as 
well as a two layered 
batch with inline and 
staggered configuration 
is analysed (Figure 1(b)). 
Dummy probes from 
austenitic steel (1.4301) 
are adopted for 
constructing the charge in 
which the position of each 
probe is designated with 
convention: Layer-Row-
Column (Figure 1 (b)).  

                                   

Throughout the work the ventilator velocity is maintained constant at maximum (2970 1/min) which results an 

average velocity of 13.4 m/s at chamber inlet at atmospheric conditions [2]. K-Type thermocouple (TC) with a 

diameter of 1 mm is implemented for recording the cooling curve (DATAPAQ Tpaq21-3 Hz) for which holes of 

1.1 mm are drillled within the probe for inserting the TC (Figure 1 (a)). Probe T-2-2 has 3 local measurements 

and other probes except dummys with one local measurement at the core. Space is also provided to pack the 

Datalogger with Isolation box below the batch (Figure 1 (c)). 

2.2. Microstructure and mechanical properties 

The heat-treated components are examined with regard to their hardness. Since the surfaces are not to be 

further influenced by further preparation, the Rockwell C method (HRC) is selected as the hardening method. 

This is characterized by the fact that in contrast to the Vickers or Brinell methods, no further surface treatment, 

such as grinding or polishing is required. The hardness evaluation pattern is shown in Figure 2 (a). During the 

Figure 1 (a) CAD with TC positions, (b) Inline and staggered batch 

configuration with name convention, (c) Batch construction with dummy probes  
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hardness measurement, the position of the specimens in the furnace is taken into account so that the 

specimens are always aligned in the same way. Furthermore, selected specimens are examined in detail 

metallographically. For this purpose transverse sections are prepared for microstructure analysis and hardness 

measurement according to Vickers (HV10). The preparation included cutting, grinding and polishing of the 

samples. The polished specimens were etched with Nital (2% HNO3). In addition to the heat treatment of the 

discs, continuous (CCT) and isothermal (TTT) dilatometer tests using Dil 805 A/D (Bähr Thermoanalyse 

GmbH), are performed (Figure 2(b)).  

The isothermal TTT served as input for 

the FEM simulations and the 

continuous cooling tests (CCT) for the 

further validation of the simulations. 

The data obtained in the experiments 

are used for validation of the FEM 

simulations and for training of the ANN.  

3. FEM MODELING  

In order to generate further test data for 

training the ANN, various quenching 

processes are simulated for different HTC variations and the respective hardness values are calculated. The 

FEM simulation is performed by means of Deform™ HT using the JMAK model. Depending on the selected 

boundary conditions, i.e. the HTC, the FEM simulation calculates the temperature development in the 

component based on the heat conduction equation (Equation 1). 

WG�J +	+� = Ùw®�
G�J�|¨ÙG�J� + � G�, �, MJ           (1) 

The approximate solution of the heat conduction equation requires the input of the heat capacity, density, 

thermal conductivity as well as the latent heat which occurs during the microstructure transformation. 

Furthermore, the calculation of the evolution of the microstructural constituents during quenching requires the 

input of isothermal TTT.The TTT is determined experimentally by using dilatometry. The other input data 

required for the simulation are calculated using JMatPro® V7.0 (Figure 3). If the respective volume fractions V 

of the microstructure constituents (M: martensite, B: bainite, FP: ferrite/pearlite and RA: retainied austenite), 

are known, the hardness H can be calculated by applying the mixing rule (Equation 2).  

ë = Ñ�∙��Ñ�∙��Ñ@�∙@��Ñ��∙���11 %       �wMℎ    �� + �c + �Tþ + ��� = 100 %         (2) 

Further information on heat treatment simulation using FEM can be found in [5-8]. Once the FEM simulations 

are validated, the boundary conditions (HTC) are varied from 100 to 2000 W/(m²K) to generate the training 

data for the ANN. A 

distinction is made 

between the HTC of 

the edge, the top side 

and the bottom side of 
the component. 

 
 

Figure 3 Material data of the microstructures of 42CrMo4 calculated using 

JMatPro®. a) Thermal conductivity, b) Volumetric heat capacity, c) Latent heat. The 

following abbreviations are used in the legends: A: austenite, FP: ferrite/pearlite, B: 

bainite. M: martensite. 

Figure 2 (a) Top side of the disc with pattern of indentations 

(HRC) (b) Dilatometer test setup 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

398 

4. MODELING ANN 

Since the calculation of the HTC is still in progress, the results from the FEM simulations are first used to train 

the ANN. To train the network, the FEM simulation data and results are randomly assigned to a training data 

set (60 %), a validation set (20 %) and a test set (20 %). The input included the different HTC and the local 

coordinates of the sample (x,y). The output includes the hardness (HRC). This allows the calculation of the 

local hardness (HRC (x,y)) depending on the different HTC. By exploiting the symmetry constraints, a 

rotationally symmetric disc can be considered.The input and output data are normalized between zero and 

one. The test set is introduced to detect an overtrained mesh and calculate the prediction accuracy. The ANN‘s 

are systematically varied in terms of their architecture, i.e. the number of neurons in the hidden layer, as well 

as the features used (logsig, tansig, purelin) for each randomly grouped dataset. The number of neurons in 

the hidden layer is varied from 5 to 10. A total of 900 different ANN‘s are trained. The training of the ANN is 

performed using the Marquardt algorithm. In doing so, the algorithm minimised the mean square error (MSE) 

between the predicted and experimentally measured hardness by adjusting the biases “�“ and weights “�“ of 

all neurons. Training ends when the MSE of the training set is below a predefined threshold. The ANN with the 

lowest MSE was used for further calculations. For more information, please refer to [9-12]. 

5. RESULTS AND DISCUSSION 

5.1. Influence of batch on heating trend and quenching 

The case of 10 bar before quenching is analysed in detail in which the heating trend of probe positions are 

measured in oder to compute the effective hold time (te). The effective hold time is the time above which the 

specimen core is above 840 °C so that sufficient austenistisation occurs. The Figure 4 (a) shows the available 

te for the probes at measured positions. It clearly shows that for the disc from 42CrMo4 the te is not equal to 

and the te < to. From results it can be 
observed that top layer heats faster 

that bottom layer as well as the outer 

probes are faster than the inner 

probes which are marked in green, 

blue and red colors (Figure 4 (b)). 
This means based on the position of 

the probe within the batch it posses 

different te which may lead to non-

uniform hardness values within the 

same batch. The probes in bottom 

layer and inner regions have poor te 

since the heat transfer is blocked by 

massive probes. The to must be 

considered higher so that all probes within the batch are sufficiently austenitised (from practice 30 min). 

However for the staggered configuration the te is improved for bottom layer since the path is less blocked. 

Figure 5 (a) depicts the quenching trend for 10 bar inline from the probe core for four probes within the batch 

from top and bottom layer. It shows that for the top layer the outer probes are cooled faster than inner but for 

bottom layer a mixed effect was observed (Figure 5 (b)) and asymmetrical. Comparing the two layers bottom 

is appeared to be faster than top, this may be due to the difference in te (te < to). This can lead to incomplete 

austenitisation as well as local flow traits are to be further investigated with CFD Simulations.  

It is interesting to observe the quenching trend within a probe (Figure 5 (c)), it shows the outer region is cooled 

faster and the core slower. This is also clear from the time for reaching the probe core from 800 to 500 °C 

(t800/500) which can affect the microstructure development. The flow accelerates at the probe sides resulting in 

Figure 4 (a) Effective hold time for inline and staggered 

configuration (b)-Heating trend for inline and staggered 

configuration (% te from to) 
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higher HTC and hence higher heat transfer. For staggered configuration a more uniform cooling is seen for 

the bottom layer (Figure 5 (d)) as the flow is directed to the probes from the top layer gap as well as the probes 

at bottom in staggered have almost similar te. 

5.2. Influence of pressure on  
quenching 

The influence of pressure is 

analyzed by varying it from 10 to 

6 bar as seen in Figure 6. The 

increase of pressure can accelerate 

the rate of cooling in top and bottom 

layer. This is becasue the increase 

in pressure results in higher HTC [2]. 

HTC depends on Re (Flow 

Reynolds number) as well as Pr 

(Prandtl number) [13]. 

Based on the experimentally 

determined temperature curves, it 

can be seen that the 

process/furnace parameters, the 

geometry and the position of the 

specimens have a major influence 

on the cooling rates and thus on the 

resulting microstructure and 

hardness. By using FEM simulations 

and ANN, it will be possible to 

calculate the hardness as a function 

of the process/furnace parameters  

and the position of the specimens. 

5.3.      Results from FEM Simulation and ANN  
            Modeling 

The FEM results are first validated using continuous 

CCT. Figure 7 shows good agreement between the 

hardness and the microstructure. It is found that 

isothermal TTT from the literature produce qualitatively 

reasonable but quantitatively deviating results with 

respect to the volume fractions of the individual 

microstructural constituents and thus the hardness. 

Based on the created material model, the further 

calculations for the variation of the HTC are carried out. 

Figure 8 shows a typical example of the experimentally 

determined hardness of a heat-treated disc. It can be 

seen that there is higher hardness at the edge and lower 

hardness at the center. The maximum hardness is about 

56 HRC and the minimum hardness approx. 30 HRC. It should be noted that the results of the hardness vary 

depending on the process and boundary conditions as well as the position of the sample in the batch, but 

qualitatively the results are comparable, i.e. higher hardness at the edge and minimum towards the core.  

Figure 5 (a) Quenching curve from probe core for 10 bar,  

(b) Quenching trend for inline and staggered configuration,  

(c) Quenching trend within the probe T-2-2 for 10 bar quenching and  

(d) Quenching trend for inline and staggered configuration for 10 bar 

quenching 

Figure 6 Influence of pressure on gas 

quenching (10 and 6 bar) for inline 

configuration 
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Figure 7 Comparison of experimental and simulated hardness as well as volume fractions of the different 

microstructures of the CCT samples of 42CrMo4 for different cooling rates. a) Hardness, b) Martensite,  

c) Bainite, d) Ferrite/Pearlite. 

 

Figure 8 Example for the experimental hardness of 42CrMo4 (T-1-2, 10 bar, inline, ventilator velocity 

maximum) a) Top side, b) Bottom side and c) Example of simulated hardness by FEM (rotationally 

symmetric 2D) 

 

The results from the ANN are shown in Figure 9. The transfer of the FEM simulation results to the ANN worked 

very well. This is indicated by the linear regression of the unseen data and the coefficient of determination of 

almost 1. The results also shows examples of the hardnesses for HTC = 550 and 1550 W/(m²K). This 

illustrates the possibilities of the ANN training by means of the FEM simulations. 

6. CONCLUSION AND OUTLOOK 

Heat treatment experiments shows that the effective hold time is not equal to oven hold time and this depends 

on layer, batch and position of probe. The effective hold time is improved for bottom layer in staggered 

configuration. For inline and staggered configuration the outer probes in top layer are cooled faster than inner, 

also for the bottom layer in inline posses mixed quenching trend but for staggered with a uniform cooling trend. 

The rate of cooling within a probe is not uniform, where the edges are cooled faster than the core. The rate of 

cooling for top and bottom layers is increased with increase of gas pressure.  

Figure 9 Comparison between the 

predicted hardness by FEM and 

ANN as well as hardness contour 

plots calculated by ANN 
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Heat treatment simulations using FEM requires the validation of the input data used and especially the TTT. 

Once the FEM model is validated, the results can be used for the extension of the experimental space as well 

as to train the ANN. With this method the ANN allows to calculate the hardness as a function of the HTC.  

In further steps, depending on the selected furnace parameters such as pressure, ventilator velocity as well 

as the component geometry and the batch, the HTC are to be calculated by means of CFD and compared with 

the experiments presented. By coupling the furnace parameters with the HTC, it should be possible to predict 

the local hardness of the components as a function of the process parameters. Furthermore, based on 

optimization methods, it is feasible to define a required minimum hardness for a component and to predict the 

required furnace/process parameters by means of a prognosis tool based on ANN. 
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Abstract 

Specimen cleaning and drying are critical processes following any metallographic preparation steps. The paper 

focuses on automation by reason of absence of the process repeatability during manual sample handling. 

An etchant or electrolyte results in inhomogeneous surface quality because the solution runs off the specimen 

surface during its removal from the beaker. High-quality specimen cleaning is absolutely crucial for the 

acquisition of the specimen suitable for characterization by a scanning electron microscope operated at very 

low landing energies of the primary electrons (SLEEM). The SLEEM technique is a powerful tool for the 

characterization of advanced steels, as described by many scientific papers. The SLEEM requires the 

specimen absolutely free of water and any organic residues on the surface. This work presents a novel unique 

apparatus enabling automatic specimen cleaning and drying after the etching or electropolishing processes. 

Automation reduces the influence of dependent variables that would be introduced into the process by the 

metallographer. These variables include cleaning time, kinematics, and motion dynamics, but the process can 

also be affected by variables that are not obvious. Performed experiments clearly demonstrate our in-house 

designed apparatus as a useful tool improving efficiency and consistency of the sample cleaning process. 

The high quality of the specimen surface is verified using a light optical microscope, an electron scanning 

microscope, and above mentioned SLEEM technique.  

Keywords: Metallography, sample cleaning, process automation, repeatability 

1. INTRODUCTION 

Process of cleaning and drying is probably the most underrated part of specimen preparation. Cleaning 

process ensures removing of residues originated from prior preparation out of surface. Cleaning can be divided 

into two categories - 1. intermediate cleaning (cleaning between mechanical grinding and polishing) and 2. final 

cleaning and drying. Final cleaning is crucial step prior to specimen examination [1]. One of the most common 

requirements of materials analysis is to reveal the microstructure. The suitable method for microstructure 

revealing is chemical etching. But the etchant easily adheres or dries on the sample surface. The presence of 

these artefacts makes further analysis of the samples using a microscope difficult. Especially in the case of 

advanced electron microscopy, imaging methods using low energy. The SLEEM method is characterized by a 

small interaction volume due to the low impact energy of the electron. For this reason, SLEEM is very sensitive 

to the cleanliness of the resulting surface. It is true that prior to the actual observation with the UHV-SLEEM 

method, ion cleaning is used to remove the oxide layer from the sample surface [2]. But ion cleaning is not 

able to remove large artefacts therefore the surface must be free of residues after etching or electropolishing 

itself. As a standard, samples are etched either manually in a beaker with an etchant or using commercial 

electrolytic etching equipment. However, these devices do not address cleaning of the sample after etching. 

Thus, in either case, the metallographer must clean and dry the samples by hand. Etchants (usually alcohol-

based) dry very quickly at room temperature and eliminate contaminants from the surface. For this reason, it 

is necessary that the surface removed from the etchant be immersed very quickly in the cleaning liquid. During 

the removal of the sample from the etchant, some of the reagent is also transferred to the cleaning liquid, 

which is contaminated with this reagent. Therefore, it is necessary that the cleaning process is multi-stage. 
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Most cleaning liquids are also alcohol-based, so they dry very quickly and can create inhomogeneous 

hydrocarbon contamination on the sample surface depending on the direction of flow from the surface. To 

minimize this form of contamination, a stream of hot air is usually used to blow some of the liquid off the sample 

surface and dry the rest very quickly [3]. 

This work focuses on the use of automation tools for the final cleaning and drying of metallographic steel 

samples for observation in the electron microscope. Manufacturers of metallographic sample preparation 

equipment offer models with so-called automation, which, however, automates only one sub-process 

of the preparation. For example, Struers' Lavamin automates sample cleaning but does not address inter-

process automation. For example, cleaning with the Lavamin after preparation in LectroPol Struers 

for "automated" electropolishing and etching is realized [4,5]. Currently, there are not many truly automated 

sample preparation stations on the market. Perhaps the only company that offers comprehensive automation 

of metallographic sample preparation is UES with its Robo-met station [6]. For our needs, to eliminate as many 

stochastic variables entering the process as possible, we developed a device using a programmable five-axis 

robotic arm. In this case, we use a robotic arm with tweezers to hold the sample for etching and subsequent 

cleaning and drying. The sample was etched first because etching highlights the surface topography and 

therefore the reagent sticks to it more. For a better cleaning effect, the beakers with cleaning fluids were placed 

in an ultrasonic bath. 

Since this is the setup, we commonly use for sample preparation, the use of etchant as a contrast agent is most 

telling. The objective of this experiment was to determine the smallest number of beakers of cleaning fluids 

that must be used to keep the sample free of etchant contamination. 

This experiment is part of our team's larger work on automating some metallographic processes for steel 

sample preparation. The motivation for this approach is to increase the repeatability of sample surface 

preparation in order to obtain a large set of consistent microstructure data for use with deep neural networks. 

2. METHODS 

2.1. Specimen fabrication methodology 

The specimens were obtained from hot rolled steel plate Usibor 1500-AS (22MnB5) with a thickness of 1.5 mm. 

The sheet is treated on both sides with an aluminium-silicone coating called "Alusi" (Al 90%, Si 10%), which 

was removed by grinding in further preparation [7,8]. Usibor 1500 was used because of its good reactivity with 

the etchant and because it fits into our area of interest of AHSS steels. The samples were cut to a size 

of 7 × 5 mm. The specimens were ground using 220-2000 grit diamond disk, then with 4000 grit SiC foil. After 

that, specimens were polished with diamond paste with 3, 1, 0.25 μm grain sizes.  

Table 1 Cleaning times in each beaker 

Number of 
beakers  

Name of 
sample 

Time in 
beaker 1 

(s) 

Time in 
beaker 2 

(s) 

Time in 
beaker 3 

(s) 

Time in 
beaker 4 

(s) 

Time in 
beaker 5 

(s) 

Time in 
beaker 6 

(s) 

Time in 
beaker 7 

(s) 

1 U09 28 - - - - - - 

2 U10 1 27 - - - - - 

3 U16 1 2 25 - - - - 

4 U18 1 2 3 22 - - - 

5 U24 1 2 3 4 18 - - 

6 U21 1 2 3 4 5 13 - 

7 U22 1 2 3 4 5 6 7 
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Samples were etched for 2.75 s in Kourbatoff No. 4 etchant, which is a combination of Nital (4 vol. % HNO3) 

and Picral (4 vol. % HNO3) being used to differentiate between austenite, martensite and tempered martensite 

[9]. The beaker with the etchant was placed in an ultrasonic bath (Elmasonic P 30 H) at a frequency of 80 kHz. 

Because during the preliminary experiments it was shown that etching with ultrasound has a better 

repeatability. The same ultrasonic bath was used to place beakers of cleaning fluid (Isopropyl alcohol). 

Samples were etched in the first beaker and then cleaned sequentially in one to seven beakers (Table 1). 

After each sample was prepared, the cleaning fluids were changed. Subsequently, after cleaning in the last 

beaker, the sample was dried with a stream of hot air from a hot air gun. A programmable five-axis robotic arm 

(Hiwonder xArm) was used for sample handling. A schematic of the apparatus is shown in Figure 1. 

 

Figure 1 Schematic of the apparatus: 1) Laptop for robot control, 2) robot stand, 3) protective box, 4) 5-axis 

robotic arm, 5) metallographic specimen, 6) ultrasonic bath with beakers, 7) laboratory stand 8) hot air gun 

2.2. Image acquisition and evaluation methodology 

Microstructure images were obtained using three devices:  

 Zeiss Axio - Light Optical Microscope (LOM) 

 FEI Magellan 400L - Scanning Electron Microscope (SEM) 

 Thermofisher Scientific Helios 4G - Dualbeam FIB/SEM with SLEEM 

First, the samples were observed in a light microscope immediately after preparation at 500× magnification 

and resolutions of 2464 × 2056 px (representing 328.5 × 274.1 μm; 7.5 pixels/μm), then at 1,000× 

magnification and the same resolution (representing 164.3 × 137 μm; 15 pixels/μm). Images were taken 

at both the outer edge and the center of the sample at both magnifications. Namely, we know from experience 

that the perimeter of the sample is harder to clean than the center of the sample.  

The samples were then observed in an FEI Magellan 400L scanning electron microscope at 1500× 

magnification and a resolution of 1536 × 1024 px (representing 99.1 × 66 μm; 15.5 pixels/μm), and 5000× with 

the same resolution (representing 29.5 × 19.7 μm; 52 pixels/μm). An ETD detector in secondary electron (SE) 

mode with an accelerating voltage of 5 kV, a bias of 0 V and a working distance of 3 mm was used for imaging. 

As with the light microscope, images were taken at the outer edge and in the center of the sample at both 

magnifications. 

Finally, the suitability of the preparation in the FIB/SEM electron microscope Helios 4G from ThermoFisher 

Scientific in the mode with very low landing energy of primary electrons (SLEEM) was verified. The surface 
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of sample U16 (three beaker cleaning) was observed at accelerating voltages of 100 V to 25 kV using CBS 

detector at magnifications of 10,000× and a resolution of 1536 × 1023 (representing 41.3 × 27.5 μm; 

37.2 pixels/μm). Due to the time-consuming nature of the observations, images were taken only in the center 

of one sample. 

3. RESULTS AND DISCUSSION 

3.1. Results 

Although an etchant with good reactivity and a non-corrosive sample material was chosen, only seven out 

of thirteen samples were etched on the first attempt. We cannot explain this phenomenon, but it will be 

investigated further. 

 

Figure 2 Micrographs of sample U09 with examples of contamination: a) LOM outer perimeter, b) LOM outer 

perimeter, c) LOM center, d) LOM center, e) SEM outer perimeter, f) SEM outer perimeter, g) SEM center, 

h) SEM center 

 

Figure 3 Micrographs of sample U12 (a-h same as Figure 2) 

On sample U09, which was cleaned in only one beaker, contamination is already visible at the lowest 

magnification. In Figure 2, contamination can be observed at all magnifications in both LOM and SEM. 

Random contaminations are marked in red circles for illustration. After cleaning in two beakers, a significant 

reduction of contaminations on the sample surface was observed, see Figure 3. The surface of the sample 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

406 

cleaned in three beakers was already of sufficient quality for observation by SLEEM. Figure 4 shows a series 

of the SLEEM micrographs of the same point of view obtained at various landing energies of the primary beam. 

As visible, the micrographs acquired at lower landing energies (1 keV and down) contain more information 

about the surface state. Inelastic mean free path diminishes with decreasing landing energy of the primary 

electrons and the signal electrons originate from shallow depth [10]. Contamination seen in the middle of the 

images is probably abrasive particles from mechanical preparation. This particle was chosen for ease 

of navigation on the sample and shows the differences between the different landing energies. 

 

Figure 4 Same point of view on the USIBOR steel surface visualized at various landing energies 

of the primary beam. 

Not surprisingly, the sample cleaned in the maximum number of beakers (seven) is cleaned very satisfactorily, 

the micrographs of sample U22 can be seen in Figure 5. 

 

Figure 5 Micrographs of sample U22 (a-h same as Figure 2) 

3.2. Discussion 

Unfortunately, outside of any trend, the surface of sample U24 cleaned in five beakers shows a high degree 

of contamination (similar to sample U09). This pollution is not due to the number of cleaning beakers, but 

to a variable entering the process that we have not been able to eliminate. In future work, we will deal with the 

detection and elimination of these hidden variables. For an exact investigation of these processes, it would be 

advisable to work in clean rooms without the risk of contamination from the air. Furthermore, it would be 

appropriate to monitor hydrocarbon contamination using EDS maps on a carbon-free standard. In the future, 
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the low-cost robotic arm will be replaced with a more accurate robot. Furthermore, the development 

of advanced sample drying methods that do not risk further contamination of samples is planned. 

4. CONCLUSION 

We designed our own apparatus for automatic etching, cleaning and drying of metallographic samples. Using 

LOM and SEM imaging methods, we verified the suitability of this approach. The dependence of surface quality 

on the number of beakers of cleaning liquid was studied. Although no obvious trend emerged from the results, 

the microstructure of the steel was observable even with the SLEEM method, which is super-sensitive 

to surface quality. And this is an important milestone for our future work. 
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Abstract 

This paper describes the use of reverse engineering to creating a digital model of face gear from 3D point 

cloud. The construction of a computational model of a physical object was carried out using an optical three-

dimensional scanner. Based on the cloud of points obtained in the process of scanning, a spatial digital model 

reflecting the geometry of an existing element was developed. Polygonization and mesh reconstruction allowed 

to create a discretized model that enabled the precise reproduction of the scanned object. The created model 

could be subsequently used to conduct appropriate analysis and simulation to verify the correctness and 

possible modification of the construction of scanned elements. Coordinate measurement technology to digitize 

surfaces in order to compare and evaluate real component parts with their theoretical data using a PC is 

needed in many different industrial sectors like design, construction, manufacturing, quality assurance etc. 

Keywords: Reverse engineering, 3D scanning, 3D point cloud, digitization method 

1. INTRODUCTION 

Reverse engineering is a very important branch of geometrically design and manufacture application area, and 

this technique has been widely recognized as being an important step in the product development cycle. The 

use of RE will largely decrease the manufacturing time and costs. Many authors have researched regarding 

the reverse engineering, especially by focusing on scanning methods describing advantages and weaknesses 

of different scanning systems [1-5], reverse engineering applications based on image processing and vision 

aided [6,7], data-point preprocessing and reduction methods [8,9], surface fitting algorithms [10,11], multi-

probing approaches [12]. There are many issues that come up in the process of reverse engineering. 

Reverse engineering allows to obtain reconstruction of surface in three dimensions that uses the so-called 

point clouds. This technique converts a large number of measured data points into a concise and consistent 

computer representation [13]. This process has to be adapted to the 3D mesh structure, which depends on 

the creation or discretization process. For a scanned physical object, the 3D point cloud is generally very dense 

but composed of points whose coordinates may be disturbed by acquisition noise. There are two kinds of 

reverse engineering results: “simple surfaces”, such as planes, and general “free-form surfaces”, like B-Splines 

or NURBS as in [14]. For the second case, many methods to fit free-form surfaces on a 3D mesh exist, for 

example 15]. Although they are efficient for obtaining a good-looking reconstruction of a 3D mesh and allow 

modeling of some features. This was described in [16,17], they do not contain information on the shape what 

is essential for many CAD applications. In particular, the identification of the object shape for example is: a 

sphere or plane, the computation of shape parameters like a radius or an axis of revolution or the definition of 

relationships between different are not possible with these methods. 
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There was used the ATOS (Advanced Topometric Sensor) to digitize measuring objects with a high local 

measuring point resolution and accuracy. Mainly, the ATOS system works according to the triangulation 

principle, this means that each single 3D measuring point is captured via two different methods in a quasi-

triangular measurement. A surface that was constructed from scanned points in the three-dimensional space 

was converted into a geometrical shape as shown in Figure 1. 

 

Figure 1 Assembly of the model from several dozen scans 

During the measurement, a fringe pattern that is captured by two cameras, in the three-dimensional (3D) 

scanner, is projected onto the surface of the measuring object (Figure 2). Each single measurement creates 

up to 800 thousand 3D points. In order to complete digitize a measuring object several individual 

measurements are required from different directions. 

 

Figure 2 A view of the face gear measurement using an ATOS 3D scanner on a standard rotation table 

One from two elements of spiroid gears, face gear, in real is shown in Figure 3. Furthermore, there will be 

described the process of creating digital model of spiroid gears. 
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Figure 3 One element of spiroid gears: face gear in real 

2. METHODS 

The construction of a computational model of a physical object was carried out using an optical 3D scanner 

[18]. Based on the obtained results, in the process of scanning point cloud, a spatial digital model reflecting an 

existing element was developed (Figure 4). Polygonization and mesh reconstruction [19] allowed create a 

model that enabled the precise reproduction of the scanned object. The created model was subsequently used 

to conduct appropriate analysis and simulation to verify the correctness and possible modification of the 

construction of both elements of spiroid gears: worm thread and face gear. 

 
Figure 4 Raw data of point cloud consists of 2049659 points 

For completely capturing complex model geometry, different partial views need to be combined. Using 

reference points, the software transforms the single measurements into a global coordinate system. The 

number of such individual measurement is determined by how completely the measuring object is scanned. 

When the captured object is complete, polygonization can be started. The single measurements are available 

as separate preview meshes. The preview mesh is edited automatically and converted into a single mesh of 
nonoverlapping triangles. With these curvatures of the measuring spiroid gears, the triangle mesh has a high 

density. Polygon meshes can be smoothed, thinned, and refined as shown in Figure 5. 
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Figure 5 Raw data of point cloud (left), polygonized surface of the measurement object with the polygons 

displayed (middle), and the object after polygonization (right) 

Some corrections of surface discontinuities of the measuring object such as dust, scratches, shavings, dents, 

etc. were carried out using the ATOS Professional software. In addition, holes in the mesh were filled and 

curvatures were extracted. The mesh was processed using curvature-based algorithms [20] and tolerances. It 

was also refining mesh done what increase the polygon density in the selected surface, e.g. to refine the 

shapes of edges and radius of worm thread and face gear. Ones iteration increased the number of polygons 

in the selected area three times. However, there was a need to refine the resolution on the edges to be able 

to mil directly and to get a tooth outline, which is shown in Figure 6. 

 

Figure 6 Refining mesh to increase the polygon density 

 

Figure 7 Polygonization of spiroid gear with a local, numerical visualization of the deviation in the 

selected surface 

The mesh can be smoothed based on the adjustable surface tolerance. In case of a corner, the effects of the 

smoothing are only visible in the coloured deviation view (Figure 7). 

3. CONCLUSION 

Based on the obtained results in the process of scanning point cloud, a spatial digital model reflecting an 

existing element was developed. Polygonization and mesh reconstruction allowed digitize model that enabled 
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the precise reproduction of the scanned object. The created model will be subsequently used to conduct 

appropriate analysis and simulation to verify the correctness and possible modification of the construction of 

one element of spiroid gears: face gear. Moreover, these assumptions will then be checked for the gear worm 

and other scanning, tomography and coordinate machine methods to compare precise of the obtained results. 
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Abstract 

Medium manganese steels belong to the group of third generation high-strength steels. These steels show an 

excellent combination of strength and ductility. Their manganese content ranges from 3 to 12 %. After hot 

forming, the structure is usually martensitic. During intercritical annealing, martensite partly transforms to 

austenite. The choice of the correct alloying and intercritical annealing parameters, especially the heating 

temperature, leads to sufficiently stable retained austenite, which significantly affects the mechanical 

properties. The retained austenite exhibits TRIP effect during cold deformation and contributes to a significant 

deformation strengthening of the material. 

Medium manganese steel with 0.2 % C, 5 % Mn and 3 % Al was subjected to various intercritical annealing 

regimes after hot forming. To increase the stability of the retained austenite, isothermal hold at different 

temperatures was performed in the bainitic transformation region. To verify the effect of deformation, 

incremental deformation was applied during cooling. After processing, martensitic structures were obtained 

with varying fractions of bainite, ferrite and retained austenite. The ultimate tensile strength up to 1940 MPa 

was reached and the elongation was about 10 %. 

Keywords: Medium manganese steel, heat treatment, thermomechanical treatment, retained austenite 

1. INTRODUCTION 

The development of high-strength steels is currently focused on medium manganese high-strength steels, 

which belong to the third generation of high-strength steels. They have the advantage of chemical composition 

without expensive alloying elements. In addition to carbon, whose content can vary from 0.1 to 0.6 %, they are 

alloyed with manganese in the range from 3 to 12 % and also with Al, Si, Cr [1,2]. Due to their properties, such 

as a good combination of ultimate tensile strength (UTS) and ductility, they represent a promising material for 

various applications [3,4]. These steels were developed for the automotive industry, which needs materials 

with affordable cost and excellent mechanical properties that will lead to both weight reductions of individual 

parts and fuel savings, and also ensure occupant safety. Due to other properties such as excellent impact 

toughness especially at low temperature, they can be applied in other areas such as bridges, offshore 

platforms and other structural components [5].  

Retained austenite plays an important role in the steel structure together with its deformation-induced 

martensitic transformation which occurs during subsequent cold deformation [6,7]. The most important factors 

affecting the fraction of austenite and its stability during subsequent deformation include the chemical 

composition of the austenitic phase, intercritical annealing parameters, grain size, austenite morphology, 

orientation, etc [8]. Compared to conventional TRIP steels, an effort is made to increase the fraction of hard 

phases such as martensite and to replace polygonal ferrite with acicular or bainitic ferrite, carbide-free bainite 

and martensite [1].  
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These steels are processed similarly to TRIP steels using intercritical annealing with or without isothermal hold 

in the bainitic transformation region [1-4]. The heat or thermomechanical processing parameters play an 

important role in developing a suitable microstructure that leads to the desired mechanical properties. 

Therefore, this paper is aimed at describing the effect of different processing parameters on the development 

of microstructure and mechanical properties for medium manganese steel with 5 % Mn in order to obtain the 

best combination of UTS and ductility. 

2. EXPERIMENTAL PROGRAM 

For the experimental program, high-strength medium manganese steel with a carbon content of 0.2 %, 

manganese 5 % and aluminium 3 wt% was chosen (Table 1). Manganese as an austenite stabilizing element 

significantly reduces the fraction of ferrite because it shifts the transformation of austenite to ferrite in the CCT 

diagram to the right [1,7,9]. Manganese also causes together with silicon strengthening of the solid solution 

and retard carbide precipitation [2,10]. Since manganese decreases the transformation temperatures of Ac1 

and Ac3, aluminium has been added to steel, which in turn increases these temperatures [11,12]. This makes 

it possible to increase the temperature of intercritical annealing and shorten holding time at this temperature. 

Aluminium has also been added to further increase the stability of the retained austenite [1]. 

Table 1 Chemical composition of the 5Mn3Al steel (wt.%) and transformation temperatures (°C) 

C Si Mn P S Cr Ni Al Nb Ac1 Ac3 Ms Mf 

0.20 0.58 5.02 0.007 0.001 0.180 0.078 2.95 0.062 1,071 682 296 175 

The phase transformations were determined using JMatPro software [13]. The temperature of Ac3 and Ac1 were 

determined to be 1.071 and 682 °C respectively (Figures 1 a, b). It is evident from the CCT diagram that there 

is a large region for ferrite formation starting from high cooling rates, pearlite transformation is pushed towards 

lower cooling rates and without isothermal holds during cooling bainite formation will not occur (Figure 1a). 

Bainite formation can be promoted by isothermal holds in the region from 425 to 300 °C (Figure 1b). 

 

Figure 1 Austenite decomposition diagrams calculated for experimental steel in JMatPro: a) CCT, b) TTT  

The experimental steel was cast into a cone-shaped ingot weighing 168 kg. After removing the head and the 

bottom, the ingot was split transversely in half. After surface machining, homogenization annealing was carried 

out at 1.200 °C for 10 hours with cooling in a closed furnace. The ingot halves were then quartered and the 

quarters forged into bars using a hydraulic press. The forging temperature was 1.100 °C. The forging was first 

carried out in straight anvils to match the triangular shape of the forging and then in shaped anvils up to a bar 

diameter of 20 mm. Among each forging operation, the material was reheated to forging temperature. After 
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forging, the bars were cooled in a closed furnace. Prior to sample fabrication, the bars were annealed at 680 °C 

for 1 h in a furnace with a protective argon atmosphere. Cooling was carried out in a closed furnace. Threaded 

samples with a length of 76 mm and gauge diameter of 8 mm were made from the rods. 

2.1. Thermomechanical processing 

In order to accurately control the temperature profile or the embedded deformation, a thermomechanical 

simulator was chosen to optimize the parameters. This device features high-frequency resistive heating and 

enables high heating rates of up to 200 °C/s. The maximum heating temperature is 1,300 °C. Temperature 

measurements are made with a K-type thermocouple welded to the sample surface. Cooling can be done with 

water, water mist or compressed air.  

In the first step, the effect of heating temperature and temperature of isothermal holds in the bainitic 

transformation region was investigated. The heat treatment consisted of heating to 950 or 1,050 °C with a 

100 s hold. This was followed by cooling at 16 °C/s to 300 or 425 °C with a holding time of 600 s. The samples 

were then cooled to RT. The heating temperature was chosen to test heating to the intercritical region between 

the Ac1 and Ac3 temperatures and also to the single-phase region without the presence of ferrite.  

In the second step, the effects of the embedded deformation on grain refinement, the structure evolution and 

mechanical properties were tested. First, the effect of the 40-fold deformation in the temperature range from 

950 to 720 °C was investigated. The total magnitude of the inserted logarithmic strain corresponded to = 5. 

The strain was inserted alternately in tensile and compressive steps. This process could represent, for 

example, incremental rolling of tubes. In the second procedure, the compressive deformation was inserted in 

two steps only, one step being performed at 950 °C and the other at 720 °C. The magnitude of the logarithmic 

strain in one step was = 0.095. 

Table 2 Parameters of the heat and thermomechanical treatment 

Mode designation  TA (°C)/tA (s) TB (°C)/tB (s) Deformation HV10 (-) 

950_425 950/100 425/600 - 238 

950_300 950/100 300/600 - 426 

1050_425 1050/100 425/600 - 443 

1050_300 1050/100 300/600 - 447 

950_425_40x 950/100 425/600 40x (950 - 720 °C) 411 

950_425_2x 950/100 425/600 1x (950 °C), 1x (720 °C) 434 

After processing on the thermo-mechanical simulator, mini-stretch samples with a gauge length of 5 mm and 

a cross section of 2 mm x 1.2 mm were fabricated from the active part of the sample. The microscopic analysis 

was performed after standard metallographic preparation by grinding and polishing using light optical (OM) 

and scanning electron microscope (SEM). Nital was used for etching. Vickers hardness measurements were 

carried out using a load of 10 kg. 

3. RESULTS AND DISCUSSION  

In the first part of the experiment, only heat treatment without embedded deformation was tested (Table 1). In 

the case of the combination of a heating temperature of 950 °C with a hold at 425 °C (mode 950_425), a typical 

structure after intercritical annealing was obtained for TRIP steels. The structure consisted of a mixture of 

proeutectoid ferrite and bainite (Figure 2). Bainite occurred in blocks and was formed by laths of bainitic ferrite. 

A number of dark particles were observed in the bainite, which in some cases looked like pearlite (Figure 2a). 

Especially those that occurred at the previous austenite grain boundaries. The scanning electron microscope 
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also detected small areas of martensite in the structure, which were formed by transformation of insufficiently 

stabilized retained austenite, so-called M-A component (Figure 2b). Retained austenite can still be expected 

even between the laths of bainitic ferrite. The hardness of this structure was 238 HV10. The UTS was relatively 

low at only 777 MPa and the ductility was 23 % (Figure 3). There was a significant change in the structure 

when the isothermal hold temperature was lowered to 300 °C. Because this temperature is already very close 

to the Ms temperature a large amount of martensite was detected in the structure, which could be formed both 

during cooling to holding temperatures and then during cooling to room temperature. Due to the isothermal 

hold at 300 °C, both the tempering of martensite and the formation of bainite occurred. The resulting 

microstructure was a mixture of tempered and fresh martensite and bainite (Figures 2c, d). The fraction of 

ferrite decreased significantly and appeared in two different morphologies. Both in the form of relatively large 

globular grains aligned in the matrix and in the form of thin lamellae of bainitic and acicular ferrite. Removing 

a large fraction of proeutectoid ferrite from the structure, the hardness value increased to 426 HV10. The 

martensitic-bainitic matrix also resulted in an increase in the UTS value to 1,497 MPa. The ductility decreased 

to 10 % (Figure 3). 

  

Figure 2 Microstructure after heat treatment of the steel investigated: a) 950_425 - OM micrograph, 

b) 950_425 - SEM micrograph, c) 950_300 - OM micrograph, d) 950_300 - SEM micrograph 

 

Figure 3 Mechanical properties of the steel after heat treatment and thermomechanical processing 

At a higher heating temperature of 1,050 °C, a similar structure as in the previous case was obtained in both 

cases of isothermal hold at 425 °C and 300 °C (Figure 4). Proeutectoid ferrite was observed in the martensitic-

bainitic matrix in the form of grains joined into elongated lined formations. Ferrite was also observed in the 
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form of acicular or bainitic ferrite. The hardness in both modes ranged from 443 to 447 HV10. The UTS was 

again about 1,490 MPa and the ductility increased to 15 % (Figure 3). 

The deformation modes were tested with a heating temperature of 950 °C and temperature of isothermal hold 

of 425 °C. When inserting a 40-fold deformation in the temperature range from 950 to 720 °C, a very fine 

martensitic-bainitic structure was obtained with aligned ferrite grains and acicular ferrite distributed over the 

quenched matrix (Figures 5a, b). The hardness value was again over 400 HV10. Strain hardening occurred 

in the structure, as the UTS increased to 1.945 MPa with a decrease in ductility to 8 % (Figure 3). If only two 

deformation steps were inserted, one at 950 °C and the other at 720 °C, a similar microstructure was obtained 

again (Figures 5c, d), but a decrease in UTS to 1,373 MPa and ductility to 4 % was found. 

    

Figure 4 Microstructure after heat treatment of the steel: a) 1.050_425, b) 1.050_425 - SEM micrographs 

       

Figure 5 Microstructure of the steel after thermomechanical processing at 950 °C + 425 °C /600 s: a) 40x def 

- OM, b) 40x def - SEM, c) 2x def. - OM, b) 2x def. - SEM 

4. CONCLUSION 

For the medium manganese steels with 5 % Mn and 3 % Al, the processing parameters were optimized using 

a thermomechanical simulator. The results showed that at a lower heating temperature of 950 °C, the 

temperature of isothermal transformation plays a significant role. If the isothermal hold temperature of 425 °C 

was chosen, a typical TRIP structure consisting of ferrite, bainite and a small fraction of martensite and retained 

austenite was obtained. Therefore, the UTS of only 777 MPa was obtained. If the isothermal hold temperature 

was lowered just above the MS temperature, a large amount of martensite was formed, which led to a 

significant increase in the yield strength up to 1.497 MPa. Increase in the heating temperature up to 1.050 °C 

resulted in further improvement of mechanical properties, when the UTS of about 1.490 MPa was reached, 

but the ductility value increased to 15 %. The application of the incremental deformation in the temperature 

range from 950 to 720 °C again had a positive effect on UTS, which increased to 1.945 MPa, however ductility 

decreased to 8 %. 
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Abstract 

The main objectives of the project are to define the design requirements for the future SCW-SMR technology, 

to develop the pre-licensing study and guidelines for the demonstration of the safety in the further development 

stages of the SCW-SMR concept including the methodologies and tools to be used and to identify the key 

obstacles for the future SMR licencing and propose strategy for this process. The project consortium consists 

of laboratories from Europe, Canada and China. Beside the thermo-hydraulics, safety, neutronics, and reactor 

physics, assessment of the corrosion behaviour of cladding candidate materials (alloy 800H, stainless steel 

310S, alumina forming austenitic alloy - AFA) in supercritical water (SCW) at 380/500 °C and 25 MPa is one 

of the key activities. For this purpose, experiments such as long-term (1000-8000 hours) exposure tests 

in autoclaves, neutron irradiation, electrochemistry, and radiolysis are involved. The paper describes the 

progress made on the ECC-SMART project with focus on microstructural characterization of candidate 

cladding materials. In addition, the description of the setup of corresponding experiments is included. 

Keywords: Cladding material, supercritical water, scanning electron microscopy, tensile testing, alloy 800H,  

                    stainless steel 310S 

1. INTRODUCTION 

As a result of concerns about fossil fuel resources availability and environmental issues, interest in nuclear 

power technologies is growing over the last decades. After a period in which large units were developed and 

privileged, there is currently a revival of interest concerning the small and simpler reactors for electricity 

generation, heat production, cogeneration and desalination, the so-called small modular reactors (SMRs). 

SMR technologies using various concepts are being developed worldwide. It is believed that the most 

promising concept of SMR is the water-cooled one since they inherit experience gained by most of the power 

reactors operating worldwide. In this frame, the supercritical water (SCW) with temperature above 374 °C and 

pressure 22.1 MPa technology can play an important role, representing a natural evolution of current advanced 

water-cooled nuclear reactor technologies, while integrating much of the advances in SCW technology used 

in modern conventional fossil power plants. It is expected that SCW-SMR will improve the standard of living 

and technological development not only in cities but also in remote areas and small towns [1]. Based on the 

scientific results [2-3] and previous projects, the stainless steel 310S and alloy 800H has been selected as the 

most promising commercially produced materials for application as the cladding in SCW-SMR. The 

investigation of given materials will be accompanied by experimental steel such as Alumina-Forming Austenitic 

(AFA) alloy [4]. Alloy 310 (UNS S31000) is an austenitic stainless steel developed for use in high-temperature 

corrosion resistant applications. The alloy resists oxidation up to 1100 °C under mildly cyclic conditions. At a 

higher temperature, the alloy is subjected to sigma phase precipitation. The σ-phase is a tetragonal crystal 

structure, and its precipitation temperature is between 600 and 1000 °C [5,6]. Fe-Ni-Cr alloy 800 has been 
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widely used for its strength at high temperatures and its ability to resist oxidation, carburization, and other 

types of high-temperature corrosion. 800H (UNS N08810) with the carbon range of 0.05-0.10 wt.%, content of 

Al + Ti between 0.30 and 1.20 wt.%, is certified for usage in nuclear systems for temperatures up to 760 °C 

[3,7,8]. Alloy 800H is austenitic with FCC structure, solid solution alloys. TiN, TiC and chromium carbides 

normally appear in the alloys’ microstructure. The nitrides are stable at all temperatures below the melting 

point (1357-1385 °C) and are therefore unaffected by heat treatment. Chromium carbides precipitate in these 

alloys at temperatures between 400 and 900 °C. Such precipitates can be dissolved in the temperature range 

of 900-1000 °C [9]. Consequently, alloys 800H and 800HT are similar to other austenitic alloys, in that they 

can be rendered susceptible to intergranular corrosion (sensitized) in certain aggressive environments by 

exposure to temperatures of 540-760 °C [7]. 

As a promising cladding candidate material, Al-forming austenitic (AFA) stainless steel was first developed at 

Oak Ridge National Laboratory (ORNL). The AFA steels not only show good corrosion resistance at high 

temperature due to the formation of Al2O3 scale but also exhibit improved strength due to precipitation 

hardening. The typical strengthening phase reported in AFA steels includes NbC, Laves phase and B2-NiAl 

[10]. In addition, these alloys require a significant quantity of Cr (also a ferrite stabilizer) to help promote 

protective Al2O3 scale formation. Thus, large addition of Ni is needed to achieve an austenitic matrix structure 

which significantly influences the cost of these alloys. AFA alloys show a promising combination of oxidation 

resistance, creep resistance, tensile properties, and potential for good welding behaviour [4].  

2. ABOUT ECC-SMART 

One of the main challenges of the ECC-SMART project, which is supported by Horizon 2020 EURATOM is to 

demonstrate the feasibility of the supercritical water-cooled reactor (SCWR) concept as one of the six 

advanced nuclear reactors of the future Generation IV. The project aims to support and help to solve the issues 

such as materials, heat transfer, physics and safety. The project consortium has 20 partners and consists of 

15 European institutions from 12member states and is supplemented by an important international 

collaboration with the Canadian, Chinese, and Ukraine supercritical water research programs. The project 

consortium and project scope were created according to the joint research activities under the International 

Atomic Energy Agency, Generation-IV International Forum, SNETP and NUGENIA umbrella. Hence, ECC-

SMART maximizes international synergy between the national programs of the European member states on 

the one hand and the international programs on the other hand. The biggest work package is focused on 

material testing (WP2). For this purpose, the test matrix was established including more than 700 specimens. 

The focus is devoted to stainless steel 310S and alloy 800H, which have been selected as the most perspective 

material for fuel cladding for SCWR. In addition, experimental material such as AFA (alumina forming austenitic 

alloy) was supplied by colleagues from China (USTB). Most of the tested specimens have been manufactured 

from the tubes to get closer to the real conditions and to support the progress in the SCWR and SCW-SMR 

field. The SCC behavior and oxidation behavior of these alloys will be studied in SCW at 380 ºC and 500 ºC 

that were defined by Canadian Nuclear Laboratories (CNL) based on previous calculations as the average 

temperature and maximum cladding temperature for the SMR-SCW, respectively. To complete these studies, 

materials will be studied at simulated accident conditions. It is expected that results from these tests will be 

useful not only for the SMR-SCW but for the LWR too.  

Another important task is the study of the effect of neutron radiation on pre-irradiated specimens exposed to 

SCW at the maximum estimated cladding temperature for the SCW-SMR (500 ºC). The irradiation and 

subsequent oxidation tests are carried out at CVR facilities. On the other hand, CNL will work on the study of 

radiolysis processes in SCW and VSCHT and JRC will perform electrochemical measurements from liquid 

water to SCW in order to provide valuable results on the corrosion behavior of water in the SCW region. It is 

expected that results from these studies will help to understand results from corrosion tests. The first planed 

experiments have been started and the results are being evaluated at each laboratory. 
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3. EXPERIMENTAL AT CVR 

The tubes and rods from 310S and 800H were purchased from Czech company UNIONOCEL. The AFA 

material was manufactured as plate by one of the partners of the project, the University of Science Technology 

of Beijing (USTB) and is under the basic characterization, not included in this paper. In addition, Pt foil was 

purchased from the company SAFINA a.s. to study the contribution of each autoclave to the oxide layers that 

are formed during the test. Based on the results of previous Round Robin tests [11] large variations in weight 

gains were observed depending on the autoclave in which the tests were carried out. The composition of the 

tubes from 310S and 800H is summarised in Table 1. 

Table 1 The chemical composition (in %wt) of 310S and 800H 

Elements C Si Mn P S Ni Cr Cu Ti Al Mo Co Fe 

310S 0.060 0.39 1.190 0.024 0.0006 21.45 25.27 - - - 0.250 - Bal. 

800H 0.08 0.2 0.7 ≤0.03 0.0005 30.7 19.7 0.45 0.58 0.40 0.18 0.11 Bal. 

Tensile specimens, circumferential specimens and oxidation coupons were machined at CVR and distributed 

along the consortium. After that, roughness measurement, microhardness, nanoindentation (NI), Scanning 

Electron Microscopy (SEM), equipped with Energy Dispersive Spectrometry (EDS) and Electron Back-

Scattered Diffraction (EBSD), and Transmission Electron Microscopy (TEM) were used to evaluate the 

microstructure of as-received materials. Tensile tests were performed at room temperature, 380 °C and 500 °C 

before the exposure to the supercritical water (SCW). 

The irradiation of the materials is carried out in reactor - LVR15, that is a light water tank-type research reactor 

placed in a stainless-steel vessel under a shielding cover. It has forced cooling, IRT-4M fuel and an operational 

power level of 10 MWt. Reactor operations run in campaigns (cycles) which last for 3 weeks, followed by an 

outage lasting for 10-14 days for maintenance and fuel reloading. As a moderator and a coolant, demineralised 

water is used. A reflector is composed of a water, or beryllium block, depending on the operation configuration. 

Expected average value of the neutron fluence after this experiment is 3.60E+20 n/cm2 with 0.37 dpa. The 

samples are placed in the special holder inside the rig, which is filled with pure He to keep the inert atmosphere. 

The temperature of irradiation (within the rig) is kept under 100 °C. The low temperature of irradiation will lead 

to slightly higher radiation damage as the microstructure changes like Frankel loops, pair etc. (caused by the 

irradiation) will not be able to easily annihilate or the recovery process will be limited in comparison with higher 

temperature. Nevertheless, the neutron flux, fluence and dpa are not influenced by the temperature of 

irradiation. The irradiated samples will be exposed to the supercritical water in SCW autoclave manufactured 

from 316L stainless steel and placed in the hot cell. The inner dimensions of autoclave are about 300 x Ø 60 

mm with volume about 1 dm3. The flow rate is 2.5 dm3 per hour. Dissolved oxygen and conductivity can be 

controlled on-line. The exposure in SCWAc will last 1000h and carried out at 500 °C and 25 MPa. 

Table 2 Roughness of 310S and 800H inside and outside of the tube and on the rods. 

Material 310S tube 800H tube 310S rod 800H rod 

Ra (μm) outside 0.2 0.5 0.8 0.4 

Ra (μm) inside 0.9 0.3 - - 

4. RESULTS 

Only part of the microstructural analysis is presented here. Results of roughness measurements in longitudinal 

direction inside and outside of the tube and on the rods, Table 2, showed differences between surfaces. The 

surfaces of the as-received tubes were also observed via SEM, Figures 1, 2. The EDS analysis revealed that 
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there are dark secondary phases enriched in chromium and the light one enriched in molybdenum and niobium 

in case of outer surface of 310S. The light elongated particles present on the inner surface are probably the 

oxides of chromium based on the EDS analysis. 

 

Figure 1 The SEM/BSE of the outer (a, b) and inner (c, d) surface of as-received tube of 310S 

 

Figure 2 The SEM/BSE of the outer (a, b) and inner (c, d) surface of as-received tube of 800H 

The EDS analysis of the outer surface shows homogeneous distribution of the alloying elements and the 

presence of a small secondary phase enriched in Ti and Al, the presence of oxide on the inner surface of 

800H-tube was revealed. The characterization of the as-received microstructure of 310S and 800H-tube was 

completed by EBSD. The crystallographic analyses were determined on the cross-section, Figures 3, 4, and 

on the longitudinal cut. As can be seen in the overview of IPF map, Figure 3 (a), the microstructure of 310S-

tube is composed of the homogeneous equiaxed grains with the average size of 8 μm (calculated from ~ 500 

grains). In case of higher magnification and detailed EBSD analysis close to the inner and outer surface,  

the presence of twins and the secondary phase (in black colour) is observed. The misorientation map, 

Figure 3 (b, left), reveals the thin deformed layer close to the outer surface. By comparison of both cuts,  

it can be concluded that the microstructure of the 310S-tube is homogeneous. As can be seen in the overview 

of IPF maps, Figure 4 (a), the microstructure of 800H-tube is not as homogeneous as in case of 310S-tube, 

Figure 3 as the dominant coarser grains can be found in the as-received microstructure of 800H. The average 

size of the grains is decreased close to the surface. In case of inner surface, fine grains are present. In detailed 

maps, there are well-defined grains which contain parallel sets of long straight twinning boundaries. The thin 

deformation layer can be found close to both surfaces inside and outside (highlighted by green colour in 

misorientation maps, Figures 4 (b, c)). However, the average grains size was determined as 45 μm (calculated 

from ~350 grains) in cross-section and 35 μm (calculated from ~900 grains) in longcut. It should be noted that 

the high angle (>15°) grain boundaries are marked by the black colour in all maps. 

(a) (b) (c) (d) 

(a) (b) (c) (d) 
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Figure 3 (a) Inverse pole figure (IPF) map with a step size of 2.5 μm shows the initial microstructure in 

cross-section of 310S tube at MG 140x (on left and right, there are IPF maps at MG 1000x with a step size of 

0.6 μm). The two detailed IPF maps are at MG 6000x, with a step size of 0.1 μm and they are accompanied 

with the highlighting of the misorientation (b) close to outside and (c) close to inside of the tube.  

 

Figure 4 (a) Inverse pole figure (IPF) map with a step size of 2.5 μm shows the initial microstructure in 

cross-section of 800H at MG 140x (on left and right, there are IPF maps at MG 1000x with a step size of 0.6 

μm). The two detailed IPF maps are at MG 6000x, with a step size of 0.1 μm and they are accompanied with 

the highlighting of the misorientation (b) close to outside and (c) close to inside of the tube.  
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As can be seen in the overview of IPF maps, Figure 4 (a), the microstructure of 800H-tube is not as 

homogeneous as in case of 310S-tube, Figure 3 as the dominant coarser grains can be found in the as-

received microstructure of 800H. The average size of the grains is decreased close to the surface. In case of 

inner surface, fine grains are present. In detailed maps, there are well-defined grains which contain parallel 

sets of long straight twinning boundaries. The thin deformation layer can be found close to both surfaces inside 

and outside (highlighted by green colour in misorientation maps, Figures 4 (b, c)). However, the average 

grains size was determined as 45 μm (calculated from ~350 grains) in cross-section and 35 μm (calculated 

from ~900 grains) in longcut. It should be noted that the high angle (>15°) grain boundaries are marked by the 

black colour in all maps. 

5. CONCLUSION 

Stainless steel 310S and alloy 800H have been selected as the most perspective for the application in the 

concept of the SCWR and its small modular version based on the previous scientific results. The microstructure 

of materials was analysed via SEM (and accompanied analyses). In addition, the surface roughness was 

characterized via measurement of Ra and SEM.  

The results revealed that 310S-tube possesses the most homogeneous microstructure with the presence of 

secondary phase enriched in Nb and Mo. The average grain size is about 8 μm. In contrast, the microstructure 

of 800H-tube contained a mixture of coarse and fine grains with a higher presence close to the inner surface. 

The average grain size is about 40 μm. The presence of TiN, TiC and chromium carbides was confirmed by 

EDS. The outer surface roughness characterized by the parameter of Ra was kept at the level of tenths of 

micrometres (in the interval of 0.2 up to 0.8) in case of all materials.  

The presented data will be used as the reference for the planned experiments. The project reached the first 

third of its duration, thus, most activities and corresponding results are expected in the next months.  
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Abstract  

Titanium stabilized stainless steel 08Ch18N10T is widely used in VVER nuclear power plants. The alloy 800H 

is a very promising structural material for application in future nuclear power plants working under more severe 

working conditions. Thus, both materials were exposed above the critical point of water at 395 °C, 25 MPa for 

500 and 2700h. The effect of such exposures was evaluated based on analyses of microstructure via scanning 

electron microstructure involving chemical and crystallographic analyses. The thin oxide layers were further 

described by X-ray diffraction. The stainless steel 08Ch18N10T proved very good and comparable corrosion 

resistance with highly alloyed 800H at the given environment. In both cases, the oxide layer was very thin even 

after long exposure.  

Keywords: Stainless steels, alloy 800H, supercritical water, corrosion 

1. INTRODUCTION  

The demand for energy is still increasing and thus the way to satisfy it is searched. The use of supercritical 

water in the nuclear field is thus the natural development of the widely used light water-cooled nuclear reactor. 

Supercritical water (SCW) exists above critical point of water (374 °C, 22 MPa) and it possesses properties 

[1], different from classic water, which can be effectively used in the production of energy. One of the possible 

ways can be the IV. generation of nuclear reactors. Among the six most perspective concepts is the 

supercritical water-cooled reactor (SCWR) [2]. In addition, the concept small modular reactor cooled by SCW 

is under development [3]. The crucial issue of concepts is the corrosion resistance of structural materials of 

cladding fuel, where the most severe conditions are expected. Zirconium alloys used in current nuclear power 

plants cannot withstand these conditions and thus the appropriate solution is searched.  

Therefore, a lot of research works [4-9 deal with the effect of SCW on corrosion behaviour and resistance of 

widely used structural materials. The steels with high amounts of chromium and nickel seem to be the best 

option from the material point of view. Iron-Nickel-chromium alloy 800 was introduced to the market in the 

1950s as there was a need for heat- and corrosion-resistant alloy with relatively low nickel content. It has been 

widely used for its strength at high temperatures and its ability to resist oxidation, carburization, and other 

types of high-temperature corrosion. Alloys 800H and 800HT are austenitic with face-centred cubic 

crystallographic structure, solid solution alloys. Titanium nitrides, titanium carbides, and chromium carbides 

normally appear in the alloys’ microstructure. In contrast, the austenitic stainless steel 08CH18N10T is well 

known steel as it is the main structural material in east nuclear power plants. This steel is instead of reducing 

the C content, stabilized against intergranular corrosion via alloying of Ti forming titanium carbon or titanium 

carbonitrides. These two materials were selected to compare and describe their corrosion behaviour during 

exposure to SCW. The comparison is done based on the analyses of microstructure via scanning electron 

microstructure involving chemical and crystallographic analyses. The oxides and oxide layers were further 

characterized by X-ray diffraction and Raman spectroscopy. 
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2. EXPERIMENTAL DETAILS 

Two kinds of austenitic steels - namely 08CH18N10T (corresponds with AISI 321), 800H were exposed to 

SCW. The chemical composition of steels is listed in Table 1. The specimens for testing were cut via electric 

discharge machining. This was followed by grinding using sandpaper with a grit size of 30 µm.  

Table 1 The chemical composition of tested materials 

 Range of chemical composition (wt%) 

C Si Ni Cr Mn Mo Co Ti Al V Cu Fe 

08CH18N10T ≤0.08 ≤0.8 9-11 17-19 ≤1.5 ≤0.3 ≤0.05 ≥5C-0.6 - 
0.2 
max 

0.3 
max 

Bal. 

800H 0.05-0.10 ≤1.0 30-35 19-23 ≤1.5 ≤0.2 ≤2 0.15-0.6 0.15-0.6 - 
0.75 
max 

Bal. 

Before exposure, all specimens were ultrasonically cleaned with acetone, dried and weighed. The exposure 
tests were performed in the SCW loop facilities at Research Centre Řež. The exposures were carried out in 
demineralised water at 395 °C/25 MPa for 500 and 2700 h. The inlet/outlet conductivity of the water was 
measured at 2 μS/cm, while the flow rate was 5 l/h. The specimens were weighed before and after each 
exposure with an accuracy of 0.00001 g. After each SCW exposure period, the test coupons were air-dried 
immediately. 

This process was followed by the examination of the oxide layer via scanning electron microscope (SEM, 
LYRA3 GMU) equipped with detectors for the imaging of backscatter electrons (BSE), energy dispersive 
spectroscopy (EDS) for chemical analysis and electron backscatter diffraction (EBSD) for crystallography 
analysis. For this purpose, the cross-sections of the exposed specimens were used and metallographically 
ground using sandpaper with a grain size of 1200, followed by polishing using a diamond paste of 3 and 1 µm. 
The final step consisted of using colloidal silica (OPS - oxide-polishing silica).  

The oxides were also analysed via Raman spectroscopy and x-ray diffraction (XRD). For this purpose, a Nicolet 
DXR2 Raman microscope with an excitation laser of 532 nm was used. The power of the laser ranged from 
0.1 to 10 mW and the wavelength range from 3500-50 cm-1 (resolution of 2 cm-1). Each spectrum was 
composed of 100 exposures and the background was measured 50 times before the analysis. Grazing 
incidence X-ray diffraction (GIXRD) pattern of specimens were collected using an Empyrean 3rd generation 
diffractometer (Malvern-PANalytical). The diffractometer is equipped with a Co X-ray tube (X-ray wavelength 
0.1789 nm, 40 kV, 40 mA), focusing X-ray mirror for Co-radiation, fixed flat-stage, and a multichannel detector 
PIXcel3D (1D mode). During the measurement the incident angle (ω) was fixed to 15°, while the diffraction 
angle 2θ varied from 15 to 125° with a step size of 0.039°. The identification of crystalline phases was 
performed using the High Score Plus software (PANalytical) that includes the PDF-4+ database. 

3. RESULTS AND DISCUSION 

As previously mentioned, the corrosion resistance of materials for further development of technologies works 
with SCW is crucial. Therefore, selected results based on such research are briefly introduced. 

The weight changes measured after 500 hours of exposure were quite low as 0.0004 g and 0.00001g in case 
of 08CH18N10T and 800H, respectively. This is in accordance with the presence of crystals of oxide at the 
surface of both materials as can be seen in Figure 1. The increasing time of exposure up to 2700 h resulted 
in increase in dimensions and density of oxides at surfaces (see also Figure 1). 

The oxides presented at the surfaces of both materials were analysed by SEM-EDS, Raman spectroscopy 
and XRD. These analyses revealed that the magnetite (Fe3O4, a = 8.397 Å) is formed in case of 08CH18N10T 
in contrast to weak peaks observed in the XRD pattern in 800H, where the most likely phase is trevorite 
(NiFe2O4, a = 8.347 Å). 
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Figure 1 The surfaces of 08CH18N10T (a,c) and 800H (b,d) after exposures at 500h (a,b) and 2700h (c,d) 

The very thin oxide layer can be seen in Figure 2, which compares the 08CH18N10T after 500h and 800H 

after longer exposure. as can be expected from the chemical composition being in Table 1. In addition, the 

deformation layer caused by mechanical preparation of specimens is evident in both cases. 

 

Figure 2 Cross-section of (a) 08CH18N10T (SE image) and (b) 800H (BSE image) after exposure to SCW 

lasted 500h and 2700h, respectively 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

429 

As the layer near the surface can influence the corrosion of materials in SCW, the EBSD analysis was involved. 

Some results are shown in case of 800H. For this purpose, the local misorientation map was used as it can 

reveal residual deformation as well as a lattice distortion highlighted by green colour. The deformed layer is 

thus highlighted by green colour in Figure 3 with no evidence of the fine grains as a result of the static 

recrystallization. The static recrystallization is usually carried out around temperature corresponding to 0.5 TM 

(melting point) of the metals (TM ~ 1400 °C), i.e. above 550 °C. It should be noted that recrystallization 

temperature can be decreased by alloying elements. However, near the surface the layer stay deformed also 

after 2700h of exposure at 395 °C in case of high alloyed 800H.  

 

Figure 3 The local misorientation maps of 800H after exposure to SCW lasted (a) 500h and (b) 2700h.  

In addition, the deformation near surface can further influence diffusion of alloying elements important for 

corrosion protection of materials. However, the composition of the oxide layer is also affected by the other 

parameters e.g. the amount of dissolved oxygen, temperature resulting in various oxides, which can be lined 

up according to their thermodynamic stability as follows: NiO < MoO2 < FeO < Fe3O4 < Fe2O3 < (Cr,Fe)3O4 < 

(Cr,Fe)2O3 < Cr2O3 < MnO < SiO2 < Al2O3 [10]. In general, the exposure of austenitic steels to SCW 

environments resulted in the formation of a dual oxide layer structure [4] with the outer one usually containing 

Fe3O4 and Fe2O3 [10,11 as was confirmed by Raman spectroscopy, XRD in case of 08CH18N10T. The alloy 

800H contains a high amount of nickel and thus it can be considered the transition alloy between stainless 

steel and Ni-based alloys. Therefore, the composition of the oxide layer is different and as was previously 

mentioned, the XRD analysis identified trevorite as oxide presented on the surface. The EDS point analysis 

also revealed Cr and Al to be presented in that oxide. However, as the crystals of oxides are quite small these 

results can be subjected to error. The Raman spectroscopy was used in case of shorter exposure and the 

spectral bands were assigned to Fe3O4 magnetite, NiFe2O4 trevorit, and FeCr2O4 chromite. The oxide formed 

on the surface of 800H is probably the kind of spinel based on M3O4, where M can be Cr, Ni, Fe, and Al in 

different ration and combinations as in [12]. 

4. CONCLUSION 

The paper briefly described the results from exposures of selected materials in SCW at temperature close to 

the critical point of water. For this purpose, mainly the SEM involving BSE and analyses such as EDS and 

EBSD were used. This was completed by Raman and XRD. 

The results confirmed the excellent resistance of 800H as could be expected due to a high amount of Cr and 

Ni. However, the 08CH18N10T proved very good resistance as the oxide layer present on the surface of the 

specimen was very thin after long exposure to SCW at 395 °C/25 MPa. The differences were also found in the 

composition of oxides. However, further research is needed in this field.  
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Abstract 

Material parts can be separated either mechanically or thermally. During the thermal cutting of the material, 

the base material is locally melted, burned, or vaporized. The different methods are distinguished by the heat 

sources that supply them with the necessary energy. The application of the different thermal cutting methods 

varies depending on the type of material to be cut, its thickness, the resulting desired cut quality, and the 

overall economic efficiency. This paper deals with the study of temperature cycles formed during thermal 

cutting of carbon steel of S355 type by oxy-acetylene flame thermal cutting and air plasma cutting. The 

obtained experimental data are used in the numerical simulation of the thermal cutting process by the given 

technologies. 

Keywords Thermal cycles, thermal cutting, air plasma cutting, oxy-acetylene flame cutting 

1. INTRODUCTION 

Material cutting is a very important part of engineering production. Material parts can be separated either 

mechanically or thermally. During thermal cutting of the material, the base material is locally melted, burned 

or vaporized. The different methods are distinguished by the heat sources that supply them with the necessary 

energy [1,2]. The application of the different thermal cutting methods varies depending on the type of material 

to be cut, its thickness, the resulting desired cut quality and the overall economic efficiency. The thermal cutting 

operation usually precedes subsequent technologies such as forming, welding, surface treatment and 

therefore knowledge of its process significantly influences a wide range of engineering production [3-5]. The 

thermal cycle of thermal cutting is one of the fundamental characteristics of the process that are necessary for 

its optimization. Despite the widespread use of the given technologies in practice, real results on the thermal 

cycling during thermal cutting are rather sporadic [5-7]. When numerical simulations are used to optimize the 

process, the temperature cycle is the basic dependence to set up and verify the process [8-10]. This paper 

focuses on the two most widely used thermal cutting technologies, namely oxy-acetylene flame cutting and air 

plasma cutting. 

2. THERMAL CYCLES MEASUREMENT DURING FLAME AND PLASMA THERMAL CUTTING 

Any thermal separation of the material due to the action of the heat source results in a heat-affected area. In 

this area, there are structural and mechanical changes in the material, such as a change in structure, a change 

in grain size or a change in the hardness of the material. The size and shape of the heat-affected area depends 

on the amount of shape of the heat source and the heat introduced, which is predominantly affected by the 

cutting speed. The higher the cutting speed, the smaller the heat affected area and vice versa. In general, the 

smaller the heat affected area, the higher the hardness of the material in the cutting joint. For this reason, great 

emphasis is placed on the most accurate determination of the heat-affected area. 
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Figure 1 Comparison cuttings grooves, cutting grooves flame cutting 

 

Figure 2 Geometry of the test section-plasma  

cutting 

 

Figure 3 Geometry of the test section-flame  

cutting 

Figure 1 shows a comparison of the cutting gaps of the different technologies. The upper cutting gap belongs 

to the plasma technology, where a cutting speed of 1800 mm/min was used. The lower cutting gap belongs to 

the oxygen technology, where a cutting speed of 324 mm/min was used. The thermal cutting parameters were 

verified on test specimens made of S355 structural non-alloy steel with dimensions 300 X 120 X 20 mm. Test 

cuts were then made on the specimens to determine the cutting gap (see Figure 1). For a given cutting 

technology, the cutting joint was determined by metallographic testing. After the cutting parameters were set, 

eight K-type thermocouples were placed in the specimens to measure the temperature in the area of the cut. 

Four thermocouples were placed at the mid-thickness of the sample and the remaining four were placed 5 mm 

from the sample surface as shown in Figures 2 and 3.  

 

Figure 4 Metallography and geometry of cuttings grooves (plasma-left, flame-right) 
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Metallography and geometry of cuttings grooves for plasma and for flame shows Figure 4. The thermocouples 

were then used to continuously record data, which were processed into graphs and the maximum cycle 

temperature was determined. For flame cutting, the maximum temperature Tmax=667 °C was measured for 

thermocouple T5 (see Figure 5). For plasma cutting, Tmax=678 °C was measured for thermocouple T5 (see 

Figure 6). The values of heating and cooling rates are given in Table 1. 

 

Figure 5 Temperature cycles under the surface of the material - cutting by flame 

 

Figure 6 Temperature cycles under the surface of the material - cutting by plasma 

Table 1 Values of heating and cooling rate for selected temperature cycles 

 Heating rate  

(°C/s1)   

Cooling rate 1  

(°C/s1)   

Cooling rate 2  

(°C/s1)   

Flame - T5 198.40 8.21 0.18 

Plasma - T2 192.22 12.72 0.24 

The results of the measurements made, shown in Figures 5 and 6, are in good agreement with the authors 

[5,6]. Based on these results, it is possible to set the optimal boundary conditions for the numerical simulation 

of the process. 

3. APPLICATION THERMAL CUTTING THERMAL CYCLES FOR FEM PROCESS SIMULATION 

Experimentally measured temperature cycles allow realistic determination of boundary conditions for 

numerical simulation of the thermal cutting process and their verification. The advantages of virtual  
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simulations of technological processes are 

presented in a number of papers. Simulations 

of thermal and mechanical processes during 

welding or heat treatment are difficult but 

quite extended. In the case of thermal cutting, 

the simulation is more complicated with 

respect to not only the thermal and 

mechanical  

calculation but also the transport (removal) of 

mass from the cutting joint. Figures 7-9 show 

the first results of the simulation of the thermal 

influence during cutting with an oxy-acetylene 

flame and plasma, which followed the 

experimental measurement of thermal cycles, 

see chap.2. Simufact Welding v. 2020 

software was used for the FEM simulation. 
The advantages of numerical simulations are 

evident in the wide variability of the 

parameters and the significant limitations of 

experimental work. 

 

 

 

Figure 8 Comparison of thermal influence experiment and FEM simulation of flame cutting 

 

Figure 9 Comparison of thermal influence experiment and FEM simulation of plasma cutting 

 

 

Figure 7 Thermal influence during FEM simulation of flame 

(above) and plasma cutting  
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4. CONCLUSION 

The paper presents the results of contact measurements of temperature cycles during thermal cutting by 

plasma and flame. Temperature cycles under the surface at the centre of the cut thickness were measured on 

unalloyed carbon steel. From the experimental cycles, the basic characteristics of the temperature cycles in 

the heating and cooling branches were determined. Based on the results obtained, it was possible to determine 

realistic boundary conditions for advanced numerical simulation in Simufact Welding v. 2020. The use of 

numerical simulation allows verification of a wide range of process parameters and their influence on the 

resulting properties without the need for extensive experimentation. 
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Abstract 

Atmospheric corrosion can seriously affect the performance of steel structures over long periods of time. 

Standards and codes represent the general guidelines and suggest general protection techniques to prevent 

structures from corrosion damage. The EN ISO 12944 criteria and guidelines help to select the right paint 

system for each project. The basis system of atmospheric corrosivity classification was specified by EN ISO 

9223 and this system is implemented into other standards for protective coating choice (paint coating, metallic 

coating, duplex system, etc.). The corrosivity category is also important for accelerated testing of chosen 

protective systems - regime and duration of test. Due to changing and varying environmental situation in 

Europe the actual data is necessary to use. The specific microclimates are presented too. 

Keywords: Corrosivity category, classification system, paint system, accelerated tests 

INTRODUCTION 

All steel structures, facilities and installations exposed to the atmosphere, submerged under water or in soil, 

suffer because of corrosion. Consequently, they require protection from the harm caused by corrosion during 

their lifetime. Selecting the correct paint system for protection against corrosion requires a variety of factors to 

be taken into account that the most economical and best technical solution is achieved.  

The corrosivity category is a technical characteristic which provides a basis for the selection of materials and 

protective measures in different environments. The basic standard for atmospheric corrosivity classification is 

EN ISO 9223 Corrosion of metals and alloys - Corrosivity of atmospheres - Classification, determination and 

estimation. The classification system had been implemented in many other standards specifying various types 

of corrosion protection (hot dip coating, paint coating, thermally sprayed coatings, coil coated sheet, etc.).  

1. CORROSIVITY CATEGORY CLASSIFICATION 

The EN ISO 9223 establishes a classification system for the corrosivity of atmospheric environments. The first 

edition of standard had been published in 1992 and during decades it was worldwide spread and implemented 

in many other standards, technical specifications, guidelines, etc. The EN ISO 9223 revised edition published 

in 2012 obtains some changes: 

 defines six corrosivity categories (C1 - very low, C2 - low, C3 - medium, C4 - high, C5 - very high,  

CX - extreme) for the atmospheric environments by the first-year corrosion rate of standard specimens. 

The CX category, which covers the most extreme environments - usually offshore environments, had 

been implemented after revision in 2012. The corrosivity categories are based on one-year corrosion 

mass loss or penetration of carbon steel, zinc, copper and aluminium coupons. The corrosivity category 

for each of this metal should not be the same level in the same locality because each of standard metal 

has different sensitivity to different environmental parameters.  
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 gives dose-response functions for normative estimation of the corrosivity category based on the 

calculated first-year corrosion loss of standard metals. Dose-response functions for four standard metals 

describe the corrosion attack after the first year of exposure in open air as a function of yearly average 

values for SO2 dry deposition, chloride dry deposition, temperature and relative humidity. Functions are 

based on results of worldwide corrosion field exposures and cover climatic earth conditions and pollution 

situation. 

 makes possible an informative estimation of the corrosivity category based on knowledge of the local 

environmental situation. A corrosivity category estimated using the informative procedure based on the 

comparison of the local environmental conditions with the description of typical atmospheric 

environments can lead to misinterpretations. This approach is to be used if experimental data are not 

available. 

The new method for determination of one-year corrosion rate is used resistive sensors instead of standard 

metallic coupons 1,2. 

The different approach of determination/estimation can be applied depending on the type of climate, resp. 

conditions affected corrosivity at given locality - (Figure 1). The climate factors - temperature and relative 

humidity create the conditions for atmospheric corrosion themselves and change from place-to-place, from 

country-to-country and from season-to-season. The general climate pattern for a region of a country is usually 

known as the macroclimate. However, significant variations can occur locally (e.g. as a function of height or 

distance from the sea), as a function of human activity (e.g. cities are usually slightly warmer and more humid 

than the countryside) and vary locally (e.g. depending on the arrangement of buildings). These smaller 

variations are known as the microclimate. The microclimate corrosivity is also specific in the case of specific 

type of pollution in given locality.  

 

Figure 1 Type of climates 

The EN ISO 9223 does not take into consideration the design and mode of operation of the product, which 

can influence its corrosion resistance, since these effects are highly specific and cannot be generalized. In 

such case of specific microclimate, the direct determination of corrosivity category is necessary to used.  

Very important is also the trend in decreasing the corrosivity categories in the majority of countries in Europe, 

USA, Canada, etc. This decreasing is mainly caused due to reduction of industrial pollution of SO2 from large 

sources 3. This trend is illustrated on (Figure 2) - in Europe the long-term exposure program is performed 

since 1986 and exposure the standard metals in yearly periods together with measuring the basic 

environmental parameters 4. The measured increasing of yearly average temperature is not so significant to 

affect the corrosivity, but SO2 changes are very significant. The same decreasing trend is evident for long-term 

exposure of standard metals.    
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Figure 2 Trends of yearly SO2 pollution concentration and yearly mass loss of carbon steel and zinc at the 

industrial test site Kopisty at Northern Bohemia 

2. CLASSIFICATION OF ENVIRONMETAL CORROSIVITY ACCORDING TO EN ISO 12944-2 

The EN ISO 12944 Paint and varnishes - Corrosion protection of steel structures by protective paint systems 

was developed in the 1990s and the first edition was published in 1998. The standard series EN ISO 12944 

(parts 1 - 9) had been revises in 2017-18 and it is intended to assist engineers and corrosion experts in 

adopting best practice in corrosion protection of structural steel at new and renovated construction. There are 

many changes in this revision of EN ISO 12944, some of which have a practical impact on how to protect steel 

against corrosion by using paint. A few of the most important changes are highlighted below - (Figure 3): 

 

New corrosivity 

category CX 

 
New durability category 

- very high VH 

 New part 9 - ISO 

12994-9 for offshore 
construction 

 Update of DFT values 

which have become 
normative 

Figure 3 The most important changes into revised version 

The EN ISO 12944 becomes a truly global benchmark in corrosion control, too. Selecting paint systems 

specifications that comply with EN ISO 12944 provides clients with: 

 confidence that the corrosion protection specified will be fit for purpose, 

 an objective approach to coating selection - a universally accepted standard, 

 a meaningful coating design life, 

 a simplified matrix of coating systems to select from. 

To select a compliant system, follow few steps: 

 to select the most appropriate corrosivity category classification, 

 to choose the required durability of the coating system, 

The part 2 of EN ISO 12944 standard gives the corrosion classifications for atmospheric conditions, soil and 

water. This standard is a very general evaluation based on the atmospheric corrosion classification for carbon 

steel and zinc identic to ISO 9223. It does not reflect specific chemical, mechanical or temperature exposure. 

The standard says that mass or thickness losses obtained for steel and zinc specimens can sometimes give 

different categories. In such cases, the higher corrosivity category shall be taken. This recommendation is 

wrong because carbon steel and zinc have different sensitivity to environmental parameters and if the paint 

system failed the corrosion attack occurred according to type of substrate metal. There are many cases when 

the not respecting propriate corrosivity category according to substrate metal led to failure of painting systems. 
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In the first edition of standard (1998) the category C5 was divided into two subcategories C5I and C5M - 

Table 1. The corrosion mass loss of all four metals was the same as for category C5 and only reason for this 

dividing was for accelerated laboratory testing the paint system applying for such different high corrosive 

environments. Due to changes in SO2 pollution level - see above - the C5 corrosivity category can be found 

only in marine environments.  

Table 1 EN ISO 12944-2:1998 Corrosivity category C5 

Corrosivity 
category 

Corrosion 
risk 

Typical steelwork location Pollution level 

C5 
C5I 

Very high 

Industrial areas with high humidity and 
aggressive atmospheres 

90 to 250 µg SO2 .m-3 

C5M Coastal and offshore areas with high salinity 300 to 1 500 mg Cl-.m-2.d-1 

Special care shall be taken when considering structures that are partly immersed in water or partly buried in 

soil - Table 2. The category Im4 is newly added into revised edition. Corrosion under such conditions is often 

restricted to a small part of the structure where the corrosion rate can be high. For these categories there are 

not such values/limits for corrosion mass loss as for atmospheric environments. 

Table 2 EN ISO 12944-2:2017 Corrosivity categories for water and soil 

Category Environment Examples of environments and structures 

Im1 Fresh water River installations, hydro-electric power plants 

Im2 Sea or brackish water Immersed structures without cathodic protection (e.g. harbour areas 
with structures like sluice gates, locks or jetties) 

Im3 Soil Buried tanks, steel piles, steel pipes 

Im4 Sea or brackish water Immersed structures with cathodic protection (e.g. offshore structures) 

The different types of water make predicting corrosion rates rather difficult. Many parameters, including pH 

level, oxygen content, water temperature, agitation, the presence of inhibitors, and tide conditions affect 

corrosion of metals in the water environment. In the 1980’s a year’s exposure of carbon steel (80 - 95 µm.a-1) 

and zinc (20 - 25 µm.a-1) was performed in Czech rivers. Figure 4 illustrate corrosion damage of paint system 

after 3 years of service applied on inside surface of sewage tanks chosen for Im1 category instead of Im2 

category - the main reason of damage was low thickness of paint system (ca 150 µm). According to required 

service life of painting system protection the DFT is ca 350 µm or ca 500 µm. 

  

Figure 4 The paint failure after 3 years of service 

The nature of the environment and the corrosion contributing conditions will have an effect on: 
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 the type of paint used for protection, 

 the total thickness of a paint system, 

 the surface preparation required, 

 minimum and maximum recoating intervals. 

All these recommendations are given in EN ISO 12944 Part 5 Protective paint systems. 

3. PAINTING SYSTEM TESTING 

Testing coating systems in accordance with EN ISO 12944 standard specifications can provide the end user 

with reasonable assurance that the materials they are considering have been subjected to the same test 

parameters, and based on the results are considered satisfactory for use by meeting the minimum performance 

requirements. However, accelerated weathering laboratory testing results should be analysed with caution as 

there is no direct correlation of hours exposed versus service life expectancy, but meeting these minimum 

specification requirements can provide the user with some insight to the overall durability of the coating system 

under consideration. The standard EN ISO 12944 not only takes into account the laboratory testing (salt spray 

test, ageing, chemical resistance etc.) but also considers the vast industrial knowledge gained on these coating 

systems through years of practical experience in the specific corrosivity category environments. The practical 

experience is reflected in EN ISO 12944-5, since the suggested systems are based on this extensive industrial 

experience.  

In EN ISO 12944 Part 6 Laboratory performance test methods there is information about relationship between 

artificial ageing and natural exposure. The main changes compared to the previous edition are as follows: 

 additional performance tests,  
The new testing for very high durability (25+years) in the corrosive categories C2, C3 and C4 is 

introduced. In addition, in category C5 (high and very high corrosivity) the updated standard introduced 

cyclic testing for high and very high durability. The aim of cyclic testing is to better replicate in-field 

conditions, and industry has found that this method of testing is more representative of what happens 

out of the lab, in the real world. 

One of the major changes in the revision is the addition of cyclic testing for systems operating in 

environments of C4 very high and above. A cyclic ageing test (Annex B) is introduced for C5 VH/ H and 

C4 VH - Figure 5. In case of C5 H and C4 VH the test regime including salt spray and condensation 

test can still be used as alternative to cyclic ageing test. 

 requirements for test panels have been revised - Figures A.1 and A.2 (example of scribe line) have 

been added,  

 paint systems description has been revised and requirements for maximum film thickness added, 

 paint system assessment has been revised including a new Table 3 Assessment before artificial ageing 

and a new Table 4 Assessment after artificial ageing for the specified time according EN ISO 4628 

parameters. 

 

Figure 5 Cyclic ageing test 
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The EN ISO 12944 Part 9 Protective paint systems and laboratory performance test methods for offshore and 

related structures replaces ISO 20340:2009 Offshore and related structures and deals with the atmospheric 

corrosivity category CX (offshore) for operating temperature and the immersion category Im4 as defined in EN 

ISO 12944-2. It requires specific attention in order to be able to withstand the severe corrosion stresses to 

which they are exposed during their service life and to minimize the risk of failures that would impact safety, 

operating costs or capital cost. 

Specific requirement for paint system applying for offshore CX and immersion Im4 environments is quality 

control of paints including “fingerprint” - FTIR spectrum of paint. The aim of a fingerprint check is to confirm 

the consistency of the paints supplied with reference to qualified paints. After qualification of a paint system, 

this fingerprint may be used, if necessary, to verify that the paints supplied are identical to those subjected to 

qualification testing. 

Optional tests may also be carried out, such as chemical resistance, impact resistance, abrasion resistance 

and thick film cracking resistance. The actual optional tests to be carried out shall be agreed between the 

interested parties. 

4. CONCLUSION 

The revised edition of EN ISO 12944 series had been implemented in the majority of aspects of paint industry, 

from research and development through to technical services and marketing communication. 

The local intensity of atmospheric corrosion within a country or region can be experimentally mapped by 

exposing regularly spaced metal samples outdoors for a given length of time then determining the mass loss 

due to corrosion at that location. 

For many specific operation environments/conditions detailed corrosivity information is often scarce and/or 

unreliable, which prevents or limits the application of many Risk Based Inspection (RBI) databases / software 

systems, which are “data hungry”. In order to overcome this limitation, and to allow corrosion risk assessment 

of both existing and aging facilities, an alternative in-house expert database has been created. SVUOM creates 

such databases from its accredited laboratory testing and field evaluation of paint systems applied on various 

steel structures. 

For other type of coatings (inorganic, conversion, electrodeposit coatings) there is not such precise system of 

classification elaborated - EN ISO 27830 Metallic and other inorganic coatings - Guidelines for specifying 

metallic and inorganic coatings specifies the technical requirements (thickness) of metallic and other inorganic 

coatings in respect to service conditions and required service life. 
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Abstract  

In the present study, surface laser boronizing technique was applied to improve wear resistance of maraging 

steel (MSt) parts manufactured by selective laser melting (SLM). Samples for investigation were manufactured 

of DIN 1.2709 steel powder using Concept Laser M3 equipment. Continuous 1 kW CO2 laser was applied at 

0.5 mm laser spot and 500-1500 mm/min laser operating speed, providing power density of 50955 W∙cm-2 and 

heat input between 12.0 and 4.0 J∙mm-1, respectively. Before laser-processing, amorphous boron paste was 

pre-placed on samples’ surface. XPS analysis revealed increase in boron concentrations from ~3.1 wt% to 

~5.7 wt% with laser speed increase from 500 mm/min to 1500 mm/min. XRD analysis revealed domination of 

Fe3B type borides along with presence of FeB, Fe2B type borides and presence of reflections attributable to 

austenitic and martensitic phases. The microstructure of laser-boronized layers exhibits evolution from fine 

dendritic boride-based eutectic plus Fe-based solid solution microstructure having ~630-780 HK0.5 hardness 

(at 500 and 750 mm/min laser speed) to superfine lamellar nanoeutectic (at 1000 and 1250 mm/min; ~1000-

1030 HK0.2) and further to submicron-sized boride structure (at 1500 mm/min; ~1770 HK0.2). The obtained 

hardness is up to three times higher than that of MSt after aging (~600 HK), indicating that laser boronizing 

technique may be promising in term of the improve of MSt wear resistance.  

Keywords: Laser boronizing, laser alloying, additive manufacturing, selective laser melting, maraging steel, 

hardness 

1. INTRODUCTION 

Selective Laser Melting (SLM) is a process utilizing high energy laser beam to selectively fuse powdered 

material and produce 3D parts in such a way [1]. It is one of the main processes of Additive Manufacturing 

(AM), which was developed for metal parts production. Fusing of powders and build-up of volume is performed 

“layer by layer”. Using digital description of each cross-section, laser scans the pre-posited powders and melts 

them or leave un-melted. The thickness of each layer corresponds to the melt pool depth, which laser produces 

by one step. Such a technique allows producing parts with complex internal and external geometry and, 

therefore, it attracts growing interest in various fields of engineering, for which the components of complex 

geometry are typical (aircraft, aerospace, tooling) [2]. The heating and cooling of material during SLM process 

is very rapid; moreover, material experiences numerous reheating cycles when laser beam melts neighbouring 

passes or next layers. Therefore, the number of alloys suitable for SLM process is limited and carbon-free 

steels are usually used, which are not sensitive to thermal cracking [3]. 18-percent nickel maraging steel is 

suitable one.  

Maraging steels (MSt) possess very high yield strength (up to ~2420 MPa ) and high fracture toughness. 

However, the hardening is due to precipitation of intermetallics, which are not extremely hard. As a result, 

maraging steels have moderate hardness (~55-58 HRC max.) and, often, insufficient wear resistance.  

Since 60s, when MSt were developed, thermochemical gas nitriding is known as a suitable process to improve 

hardness and wear resistance of MSt [4]. Such treatment results in a formation of iron nitrides and typically 
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provides surface hardness ~900 HV. The main disatvantage of gas nitriding is long duration of process, which 

may reach 48 h and over to obtain the thickness of hardened layer ~100-200 μm. Laser surface alloying, 

metals is known as an effective technique in term of improving the metal parts surface performance, including 

their hardness and wear resistance. For the AM products, manufacturing process of which is based on the 

application of laser beam, this could be a more suitable alternative, especially, when only local hardening is 

required. 

Laser boronizing of steels is one of the possible processes, in which the surface layer of the steel part being 

laser-melted and mixed together with pre-posited boron-containing layer. Boron solubility in iron is very low 

and, according to Fe-B phase diagram [5], iron forms with boron two types of borides - FeB (16.25 wt%) and 

Fe2B (8.48 wt%), presence of which provides high hardness and wear resistance. A number of works [6-9] 

reports on the successful laser boronizing of steels, such as 41Cr4 steel, 100CrMnSi6-4 bearing steel, carbon 

steels C20, C45 and C90. To the best of authors’ knowledge, at the moment, there are no data on the laser 

surface alloying of AM-manufactured parts produced from maraging steels. For this reason, the main objective 

of the present work was to determine the influence of laser boronizing process and its parameters on the 

microstructure, phase composition and hardness of additively manufactured MSt part surface.  

2. EXPERIMENTAL DETAILS 

DIN 1.2709 maraging steel, also known as 18Ni-300 maraging steel, was investigated. This is one of the most 

widely used and commercially available maraging steel grade. The samples for testing were produced by SLM 

process using DIN 1.2709 maraging steel powder (7-30 μm). The chemical composition of powder (according 

to powder manufacturer) is presented in Table 1. Prismatic samples with the dimensions 15 mm × 15 mm × 

(h)10 mm were built-up using ‘Concept Laser M3’ SLM equipment. More detailed description of the procedure 

is presented in [10]. 

Table 1 Chemical composition of DIN 1.2079 steel powder [wt%]  

Fe C Si Mn Ni Mo Ti Co Al 

balance 0.03 < 0.1 < 0.1 17-19 4.8 < 0.8 8.5-9.5 < 0.1 

For laser processing of the SLM samples surfaces, continuous CO2 laser (wave length - 1064 nm) was used 

and the processing parameters were as follows: laser power - 1 kW; laser spot diameter - 0.5 mm (providing 

power density of 50955 W∙cm-2); processing speeds - 500, 750, 1000, 1250 and 1500 mm∙min-1 (providing 

heat input of 12.0, 8.0, 6.0, 4.8 and 4.0 J∙mm-1). Laser processing experiments were performed on the side-

on surfaces of the built-up SLM samples without any mechanical or other pre-processing. Before the laser 

processing, amorphous boron was pre-placed on the surface to be processed. As the reference, the specimens 

laser-processed at the same parameters without pre-placing amorphous boron were used. 

Optical microscopy method was applied to assess geometry of laser-processed tracks. The depth and width 

of the melt pool were measured on samples cross-sections prepared by conventional metallographic 

methodology (last polishing step prepared with 0.2 μm fumed silica suspension). 

Boron concentration in alloyed layers was determined by XPS spectrometry (Kratos AXIS Supra+ 

spectrometer with monochromatic Al Kα (1486.6 eV) X-ray radiation powered at 225 W). The measurements 

were carried out on tracks surface, which was slightly pre-polished before analysis with grinding paper P1000.  

X-ray diffraction method was used to analyze phase composition of alloyed layers (SmartLab Rigaku); 

Polycapillary Focusing Optics; 9 kW rotating Cu anode; step scan size - 0.02° (in 2θ scale); counting time - 1 

s per step; 2θ range - 10-75°). 

For the microstructural analysis, scanning electron microscope JEOL JSM-7600F was used. For the analysis, 

cross-sections were etched with mixture of H2O, CH₃COOH, HCl and HNO₃ in ratio 1:1:4:1. 
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Microhardness measurements were made by Knoop method using Zwick Roell ZHμ tester (0.2 kg load, 15 s 

indentation duration) on polished cross-sections. 

3. RESULTS AND DISCUSSION 

For the surface alloying process, laser is operated at the melting mode, which is provided by the appropriate 

processing parameters - laser power, spot size, operating speed. Laser pool geometry varies with variation of 

these parameters - typically, width and depth of the pool increase with the increase in laser power and 

decrease in operating speed. In the present study, it was determined that the depth of the melt pool, obtained 

after laser processing with pre-placed boron, ranged between ~85 μm and ~185 μm and was in a strong 

dependence on the laser operating speed, while the melt pool width did not vary (~950 μm) at laser operating 

speed 500-1250 mm/min and was reduced (~780 μm) at 1500 mm/min. The melt pool dimensions obtained 

with boron did not differ significantly from those obtained without boron (Table 2); however, some tendency 

may be pointed out that melt pools obtained with boron were slightly wider and less deep. 

Table 2 Dimensions of melt pool obtained after laser processing with and without pre-placed boron  

Melt pool 
geometry 
parameter  

Laser operating speed, mm/min 

500 750 1000 1250 1500 

Without boron 

Depth, μm 181±25 151±22 137±21 137±12 91±16 

Width,μm 894±19 777±67 747±54 708±49 649±51 

With boron 

Depth, μm 184±16 144±21 130±12 120±11 84±22 

Width,μm 941±11 963±52 953±6 923±34 781±57 

XPS spectrometry revealed the presence of boron in the processed layers in concentration between 3.1 wt% 

and 5.7 wt% with its gradual increase at rising laser operating speed, what is related with a melt pool depth 

decrease and, respectively, increase in boron to base metal mixing ratio during melting process. As a result, 
the microstructure and phase composition of the processed layers were changed. According to X-ray diffraction 

analysis, two phases were established to be in SLM specimen: the major one was α (Fe, Ni) type phase, 

having cubic crystal lattice with parameter a = 2.8681 Å, which can be identified as martensitic phase typical 

for low carbon maraging steels; the minor phase was identified as γ(Fe, Ni) austenite, having a = 3.5975 Å. 

For the laser-boronized specimens, besides α(Fe, Ni)-martensite and γ(Fe, Ni)-austenite phases, boride 

phases of FeB, Fe2B and Fe3B types were identified as well - Fe3B(major)+FeB(minor) for laser operating 

speed interval 500-1250 mm/min and Fe2B(major)+FeB(minor) for 1500 mm/min speed. 

During SLM process, the part is built-up “point-by-point”; therefore specific substructure is formed with clearly 

seen melt pool boundaries, as shown in (Figure 1a). Each individual melted micro-volume has typical cellular 

microstructure inside it, as shown in (Figure 1b). The microstructure of layers laser processed without boron 

was similar to that of SLM (Figure 2a). The microstructure obtained after laser boronizing differed significantly 

from that of SLM part (Figures 2b-2f). The specimens processed at lower laser speeds (500 mm/min and 750 

mm/min) and containing less boron concentrations had fine dendritic microstructure consisting of the fine 

primary Fe-Ni dendrites and boride-based eutectic (Figures 2b and 2c). With the increase in laser speed and 

boron concentration, the transition to superfine nano-eutectic structure was observed (Figures 2d and 2e). 

For the specimen processed at 1000 mm/min, besides eutectic, some amount of Fe-Ni solid solution phase 

may be seen as well (Figure 2d), indicating still hypoeutectic microstructure, while at 1250 mm/min speed, the 

presence of excess boride phase may be seen, typical for hypereutectic structure (Figure 2e). At the highest 

boron concentration ~5.7 wt%, submicron sized dendritic boride structure was obtained (Figure 2f).    
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Figure 1 SEM images of SLM body microstructure: (a) overview showing substructure of SLM  

sample due to “point-by-point” building pattern; (b) longitudinal and transverse directions of cellular 

microstructure 

 

Figure 2 Microstructure SEM images of surfaces laser processing without (a)  

and with (b-f) boron 

With the increase in laser operating speed and respective increase in boron concentration, not only evolution 

of microstructure was established, but a significant increase in hardness as well, as shown in (Figure 3). The 

hardness of as-manufactured 18Ni-300 maraging steel SLM part is ~385 HK0.2 and it reaches ~600 HK0.2 

after appropriate aging. The microhardness of laser-boronized layers ranged between ~630 HK0.2 and ~1770 

HK0.2. Accordingly, all the applied laser boronizing parameters provided hardness higher than that after aging.  

Hardness increase with an increase of laser operation speed is related with two factors - growing boron 

concentration, resulting in an increase of hard boride phase amount, and increased cooling rates, resulting in 

a formation of finer microstructure. From the point of wear resistance improvement, 1000 mm/min and 1250 

mm/min laser operating speeds, providing hardening effect comparable with nitriding one, and 1500 mm/min 

speed, providing hardness comparable with that of thermochemically borided parts, may be considered as 

promising.  
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Figure 3 Boron concentration in laser alloyed layers (by XPS) and their hardness in dependence on laser 

operating speed 

4. CONCLUSION 

In the present study, the laser surface boronizing was applied for the 18Ni-300 maraging steel parts 

manufactured by SLM process. The following main conclusions were drawn from the results of the phase and 

microstructural analyses along with microhardness measurements. 

1) The application of 1 kW CO2 laser for the surface processing of maraging steel parts at the parameters 

as 0.5 mm laser spot diameter and 500-1500 mm/min laser operating speed provided the process in a 

melting mode with a melt pool depth between ~85 μm and ~185 μm and width - ~650-960 μm.  

2) According to XPS analysis results, boron concentration in processed layers ranged between 3.1 wt% 

and 5.7 wt% and was in a strong dependence on the laser operating speed, which predetermined the 

melt pool depth.  

3) XRD analysis revealed presence of two phases in SLM sample - martensite and austenite. For the 

samples laser-boronized at 500 mm/min, 750 mm/min, 1000 mm/min and 1250 mm/min laser operating 
speeds, the prevailing of Fe3B type borides and presence of some amount of FeB type borides, 

martensite and austenite were established. In a sample laser-boronized at 1500 mm/min laser operating 

speed, Fe2B type borides replaced those of Fe3B type. 

4) The microstructure of surface layers laser-processed without boron did not differ from that of SLM 

sample and showed typical cellular solidification. Boron addition resulted in a formation of different 

microstructure: for the samples containing ~3.1 wt% B and ~4.1 wt% B it was fine dendritic hypoeutectic 

microstructure, consisting of primary dendrites of Fe-based solid solution and boride-based eutectic 

regions between them; for the samples containing ~5.0 wt% B and ~5.4 wt% B - mainly superfine boride-

based nanoeutectic; for 5.7 wt% B - submicron sized dendritic boride structure. 

5) The hardness of laser-boronized layers ranged from ~630 HK0.2 to ~1770 HK0.2 and this is up to ~3 

times higher hardness than that of maraging steel part after appropriate aging, what allows assuming 

that laser boronizing of maraging steels is promising way in terms of their wear resistance improvement. 
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Abstract  

DLC films have special properties, which are of great interest in fields of tribology, e. g. the high hardness and 

the low coefficient of friction. These properties are limited because of shortcomings in adhesion of DLC films 

on steel. So far, metallic adhesive layers like titanium and chromium are established options for the 

improvement of the adhesion of DLC films on steel. However, it is hardly investigated how plasma nitrided 

surfaces increase the adhesion by itself. 

Beginning for this research were the different surface modifications, which can occur through plasma nitriding. 

Three different surface modifications were investigated in detail: Compound layer-free (α), γ'-nitride compound 

layer and ε-nitride compound layer. These surface modifications differ in their composition, crystal structure, 

bond type, as well as their solubility and diffusion velocity of carbon. By means of a two-stage nitriding process, 

it was ensured that the hardness depth profile of all three surface modifications were similar. Thus, the 

“eggshell” effect should have no significant influence on the research. Afterwards, the nitrided specimens were 

DLC coated by PACVD. Tests, executed on a scratch test rig, indicate that plasma nitriding can improve the 

adhesion of DLC films. LC2 values of up to 60 N could be achieved. Typical values of LC2 DLC films with 

metallic adhesive layers are about 25 N. During the investigations, it became apparent that adhesion in this 

system is strongly influenced by other factors, such as environmental conditions and polishing processes.  

Keywords: Plasma Nitriding, DLC films, adhesion, Surface modification 

1. INTRODUCTION  

1.1. DLC-Films  

The technical potential of diamond-like carbon (DLC) films for tribological applications was recognized in the 

1970s and 1980s by [1,2] and others. DLC films offer a rare combination of high hardness, chemical resistance, 

and high wear resistance with simultaneously low coefficients of friction. Thus, they open up a wide spectrum 

for various technical applications in industry. In this context, DLC films are used worldwide today in the 

automotive industry [3,4], in recording heads of hard disks [5,6], razor blades as well as cutting and forging 

tools [7,8], in the field of medical technology [9,10] and sensor technology [11].  

A distinction is made between hydrogen-free DLC films with high proportions of tetrahedral C-C bond 

components (ta-C) and hydrogen-containing a-C:H films [12]. Today, low-pressure plasma processes are used 

for the production of a-C:H coatings, with a distinction being made between PVD (physical vapor deposition) 

and PACVD (plasma-assisted chemical vapor deposition). 

During the development of DLC films, it soon became clear that their application possibilities were limited by 

insufficient adhesion to the base material and that adhesion improvement was essential for broad application. 

One of the first approaches to solve this problem involved the modification of DLC films with metals [14,15]. 

Through empirical studies, it became clear that metallic layers between DLC and the base material can further 
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improve adhesion [16,17]. Experiments were conducted with aluminum [18] and various carbide builders. 

Meanwhile, metallic interlayers are used as a standard for adhesion improvement of DLC films [19-21]. 

Chromium and titanium are mainly used for this purpose. The mechanism underlying the adhesion 

improvement in this process has not yet been satisfactorily investigated.  

Another element that can be used for adhesion improvement is silicon (Si). Si can be used in pure form as an 

adhesion layer [17,22] or the DLC film is doped with Si in the transition area ( a-C:H:Si) [13]. The adhesion 

improvement by a-C:H:Si interlayers is mainly used when pure PACVD processes are used for DLC deposition, 

where the application of a metallic adhesion layer is not possible. Si-containing precursors, e.g. 

tetramethylsilane (TMS), are used for this purpose. 

However, further increased loads in tribo-systems, e.g. in forging tools, still require improvements of the 

adhesive strengths. Experimental results show that the stability and adhesion strength of coatings can be 

significantly improved by surface hardening, e.g., nitriding treatment [23,24], but no distinction is made 

between the influence of the support effect and the adhesion effect. 

Despite these efforts, insufficient adhesion is still the limiting factor in the application of DLC films. The acting 

adhesion mechanisms are not sufficiently understood, so that the potential of DLC films cannot be fully used.  

1.2. Plasma Nitriding 

Nitriding is an established thermochemical process for the surface modification of metals (e.g. steel, titanium) 

in order to harden the surface layer and to reduce corrosion and wear on the surface [25]. A distinction is made 

between salt bath nitriding, gas nitriding and plasma nitriding [26].  

Plasma nitriding offers the advantage that the formation of the nitriding zone can be adjusted in wide limits. 

With the support of a plasma, a nitrogen-hydrogen atmosphere is generated and atomic nitrogen is made 

available to the material surface, which diffuses into the workpiece [27]. In the workpiece, the nitrogen (N) 

causes a transformation of the original tool surface by forming a nitriding zone. This can consist of a compound 

layer (CL) on the surface and a diffusion zone (DZ). The formation of a CL can be prevented by selecting 

suitable process parameters [28].  

In steels, a complete transformation of the original material surface takes place in the CL with the formation of 

iron nitrides. After the nitriding process, γ' (Fe4N)- and ε (Fe2-3N)-nitrides have been detected so far [29,30]. 

These differ from the original ferritic iron surface in terms of their structural, chemical, physical and mechanical 

properties (Table 1). They have a ceramic character with increased hardness and brittleness [31]. 

Table 1 Crystal structure, C-solubility and diffusion rate of the possible phases formed during plasma nitriding  

             at the surface and in the near-surface region 

Properties Ferrite (α) γ‘-Nitride ε-Nitride 

Crystal structure [32] 

BCC 

 

FCC 

 

HCP 

 

Maximum Carbon solubility [26, 29] 0.003 % 0.2 % 3.6 % 

Carbon diffusion rate [26] high middle Very low 

In contrast to CL, no complete transformation of the material takes place in the DZ. Depending on the alloy 

content and composition of the steel, nitride precipitates are formed [26]. Since the diffusion zone has no 
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influence in the investigations presented, a more in-depth description is omitted. Another effect of N in the 

nitriding zone is the redistribution of carbon (C), since the N is able to convert existing carbides into nitrides, 

with the release of C [33]. Due to the decarbonizing effect of the hydrogen-containing atmosphere [34], some 

of the released C effuses and the DZ becomes depleted of C [35]. Some of the C is also displaced from the 

diffusion front of the N into the interior of the workpiece during the nitriding process [35].  

It is assumed that the different material modifications affect the adhesion of the DLC film. In particular, it is 

assumed that the different carbon solubility and diffusion rates have an influence on the adhesion of the DLC 

film. 

By combining a coating with a previous plasma nitriding in so-called duplex processes, the coating adhesion 

can be improved. These duplex processes have already been successfully used in the case of nitride coatings 

such as TiN, CrN and TiBN [36 to 39]. Mostly, the adhesion improvement is attributed to a better supporting 

effect [23]. Duplex processes lead to better coating adhesion than purely thermal surface hardening [24], which 

is attributed to the gradual transition of hardness between the coating and the base material. Further 

investigations prove that the enhanced adhesion with these coatings goes beyond the pure support effect and 

that the formation of the surface during nitriding strongly influences the result [37,38,40,41]. In individual 

scientific paper [42], positive results have already been obtained with regard to duplex processes with DLC 

films. However, tests with duplex processes in industrial practice were discontinued due to the strongly 

fluctuating results and the associated low process reliability.  

1.3. Own preliminary work 

At the IOT, in cooperation with the Fraunhofer IST, a series of preliminary work to improve the adhesion of 

DLC films to steel surfaces by prior plasma nitriding was done. Initial approaches have already been described 

in [39,43-45]. Independently of this, there have been extensive experiments on the specific adjustment of the  

interface boundary surface of tool steels by plasma nitriding treatment, although the focus has not been on the 

combination with DLC films. The results were combined and form the basis for the present work. 

This preliminary work shows that duplex processes can be used to improve the adhesion of DLC films. 

However, it also proved that the results were difficult to reproduce. Nitriding with the same hardness depth 

profile did not automatically lead to good adhesion. This indicates, that in addition to the supporting effect, 

there must be other adhesion-enhancing mechanisms caused by plasma nitriding. However, the resulting 

surface modifications and their influence on adhesion were not investigated in the studies carried out at that 

time.  

Furthermore, the possibilities of selectively adjusting boundary surfaces by plasma nitriding had already been 

researched at the IOT in collaboration with the Fraunhofer IST in connection with the treatment of forging dies 

[28,40,46]. In this context it was possible to selectively adjust the type of compound layer (γ'- or ε-nitride). 

2. METHODOLOGICAL BASES 

As sample material, the ferritic-martensitic cold work tool steel 1.2379 (X155CrVMo12-1) was used. The 

samples were round samples with a diameter of 35 mm and a thickness of 4 mm. Before the tests, the round 

specimens were prepared to a polishing level with 0,05 µm Ra. The experiments were performed in a hot-wall 

plasma nitriding system. A DC pulse plasma generator was used. The coating with DLC was done on a PACVD 

system, the plasma activation was done by high frequency activation. The composition of the compound layer 

was determined by X-ray diffraction (Siemens D9000 XRD). The measurement was performed in Detector 

Scan at a fixed angle of 5 ° and were taken between 20 ° and 100 ° with an increment of 0.2 ° and a scan 

speed of 5 s per increment. As adhesion tests the scratch test was used. The measuring distance was 5 mm 

and a linear force increase from 1 to 50 N was used. The main criterion was LC2, i.e. the force at which the 

layer was debonded. 
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3. EXPERIMENTAL PART 

Before performing the scratch tests, the 

samples were nitrided in a two-step process. 

This was necessary to ensure that all samples 

have a similar hardness depth profile and thus 

the support effect has no influence on the 

results. Different process parameters are 

required to produce the different surface 

modifications, resulting in different hardness 

depth profiles. The exact process parameters 

of the individual nitriding processes are given 

in (Figure 1). First all samples received the 

nitriding for the γ'-surface and in a second 

nitriding process each of the other two surface 

modifications were adjusted. To generate the 

compound-free surface, named α in the following, the samples were annealed at 560 °C without plasma. For 

the ε-surface, the samples were nitrided again at 480 °C. After nitriding, XRD was used to check whether the 

desired surface modifications were present. The nitriding of the samples resulted in a roughening of the 

surface. This is in the range of 0.2 µm Ra. Since it could not be excluded that this roughness would have an 

effect on the adhesion of the DLC film, some of the samples were polished again before the coating process 

until they had an Ra value of less than 0.01 µm. These samples are referred to as "nitrided with intermediate 

polish" or "polished". XRD measurements were also taken to ensure that the samples have the appropriate 

surface modifications after re-polishing.  

Subsequently, the samples were coated with a pure DLC film by PACVD. There were two different coatings 

applied. Firstly, the DLC film was applied directly to the surfaces, and in the second coating, an adhesive layer 

was added between the surface and the DLC film. This adhesive layer consists of a DLC film heavily enriched 

with silicon. The process parameters for the DLC coating were: 20 sccm Ar + 60 sccm C2H2, 1 Pa, BIAS 400 V, 

1 h. The process parameters for the adhesive layer coating were: 20 sccm Ar + 20 sccm TMS, 1 Pa, BIAS 400 

V, 10 min. In both cases, the total layer thickness was about 3 µm and a layer hardness of about 1800 HV was 

achieved. 

Due to the small size of the nitriding system, only a limited number of samples could be produced 

simultaneously. Since there was a high number of surfaces to be evaluated (12), it was decided to produce all 

surfaces in small quantities per batch and to produce a sufficient number of identical surfaces for statistical 

confidence by making several batches. A total of 4 batches were produced. 

After the coating the adhesion was investigated by scratch test focusing on the LC2 value. The reason for this 

was that reading the LC1 value, at which point cracks start to form in the coating, could not be recorded because 

of the rough surfaces. For each sample, 3 scratch tests were carried out and an average value for the LC2 

value was determined. 

4. RESULTS 

The results of the nitrided samples with intermediate polish have shown the most consistent results. For these 

samples there is little variation between the different batches with the exception of batch 4, which shows 

significantly better adhesion results than the other batches for all surfaces. As can be seen in (Figure 2) and 

(Figure 3), there is no significant difference in the LC2 values of pure DLC films and DLC films with adhesion 

layer. The surface without compound layer (α) performs the worst and the surfaces with compound layer show 

a significantly improved LC2 value, with no difference between γ' and ε. This can also be observed, despite the 

Figure 1 Scheme for setting the different surfaces and 

hardness-depth profiles of the samples with different 

modifications 
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higher absolute values, for batch 4. In the case of a compound layer, an LC2 value of about 30 N can be 

expected, while batch 4 reaches values up to 46 N.  

For the samples without intermediate polish, the 

results of the scratch tests are not as consistent. 

There are large differences in the LC2 value 

between the batches, especially for the samples 

without an adhesive layer, as can be seen in 

(Figure 4). For samples with adhesive layer, the 

differences between the batches are much smaller 

with the exception of the α modification see 

(Figure 5). In general, it is noticeable that 

significantly higher adhesion values are achieved 

without intermediate polish than with intermediate 

polish. This seems to be largely independent of the 

type of surface, since adhesion values of up to 50 N 

could be achieved with all modifications. In batch 4, 

even 60 N could be achieved with γ'. Here, the 

adhesive layer does not seem to have a significant 

influence on the maximum LC2 value.  

Figure 5 Comparison of LC2 values between the 

different surfaces and batches for nitrided and 

unpolished surface with adhesive layer 

Figure 4 Comparison of LC2 values between the 

different surfaces and batches with nitrided 

unpolished surface 

Figure 2 Comparison of LC2 values between the 

different surfaces and batches with nitrided and 

polished surfaces. 

Figure 3 Comparison of LC2 values between the 

different surfaces and batches for nitrided and 

polished surface with adhesive layer 

Figure 6 Comparison of LC2 values between non-
nitrided and nitrided polished surfaces at different 

roughnesses 
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Scratch tests were also carried out on samples that had been artificially roughened so that they had a similar 

roughness to the nitrided samples (0.2 µm Ra). The samples were roughened by grinding or by blasting with 

glass pearls. As can be seen in (Figure 6) roughening the polished surfaces of the non-nitrided specimen and 

subsequently roughening the nitrided specimens with intermediate polishing does not lead to a higher LC2 

value. For both surfaces, artificial roughening leads to a degradation of the LC2 value. Blasting the surface 

seems to have a stronger negative effect on adhesion than grinding the surface. 

5. DISCUSSION 

The results of the adhesion tests are very different. If the nitrided samples with intermediate polish are 

considered, it is clear that a bonding layer contributes to adhesion improvement. For all batches can be seen 

that the α surface has the poorest adhesion and the specimens with compound layer achieve a significantly 

higher LC2 value. It is irrelevant whether the compound layer consists of γ' or ε. The adhesive layer also does 

not seem to have a significant effect on the LC2 value of nitrided surfaces. Batch 4 shows higher absolute 

values, but the trend is comparable to the other batches. It can be assumed that for the polished samples the 

differences are mainly due to the different hardness of the surfaces. Thus, the main reason for the better 

adhesion values in the samples with interlayer is the better supporting effect. 

For the nitrided samples without intermediate polish, the test results are not as consistent. Especially for the 

specimens without adhesion layer, the LC2 values vary considerably between the different batches with the 

same modifications. With an adhesive layer, the results are clearly more consistent. Nevertheless, it is 

noticeable that significantly higher LC2 values were achieved without intermediate polish than in the samples 

with intermediate polish. In these samples, it cannot be seen that any of the three surface modifications 

investigated has an influence on the LC2 value. LC2 values of up to 50 N can be found for all surfaces. Only 

batch 4 showed higher LC2 values with 60 N for the γ'-sample. 

It could be assumed that the rougher surface due to mechanical interlocking is responsible for the higher 

adhesion values for the unpolished nitrided samples. However, further scratch tests, on artificially roughened 

samples, showed that a rougher surface does not lead to higher LC2 values for PACVD DLC films. The 

subsequently roughened non-nitrided samples and nitrided samples with intermediate polish, on the other 

hand, show lower LC2 values. Thus, the rougher surface of the unpolished nitrided samples cannot be the 

main reason for the better performance of these samples. Therefore, no explanation for this adhesion behavior 

can be given in this paper. Nor is there any explanation why a blasted surface exhibits significantly poorer 

adhesion values than a ground surface, even though they have similar Ra values. 

6. CONCLUSION 

The investigations carried out were intended to determine whether similar or better adhesion values can be 
achieved for DLC films by nitriding without an additional metallic adhesive layer. For this purpose, different 

surface modifications that can occur during plasma nitriding were investigated in detail: Compound layer-free 

(α), γ'-nitride compound layer and ε-nitride compound layer. 

It can be concluded that the adhesion of PACVD DLC films on steel samples can be significantly improved by 

nitriding. LC2 values of up to 60 N have been achieved without an adhesion layer. 

The adhesion results for samples with intermediate polish are consistent, but with 30 N they do not reach the 

maximum adhesion values of nitrided samples without intermediate polish with values of 50 N independent of 

the surface modification. 

There is currently no explanation for the partially very good adhesion results for these specimens. However, 
the type of surface modification does not seem to play a role. The higher roughness of the non-polished 

specimens also does not seem to be an influencing factor. 
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Abstract 

Cold spray (CS) is a promising technology for the restoration of worn parts manufactured from numerous 

materials. The most important benefits are the preclusion of phase transformation caused by bonding by plastic 

deformation at low temperatures, providing oxide-free coatings with internal compressive residual stresses. 

The deposition of Ni-superalloys, namely Inconel, is a challenging task due to the insufficient acceleration  

of powder particles while using nitrogen as a processing gas. This leads to a low deposition efficiency  

(DE) and the formation of rather low-quality coatings. This study presents the first results of the restoration  

of artificial defects fabricated on a real turbine blade manufactured from Inconel 713LC (substrate)  

and the influence of the substrate preheating. This work aims to validate the Inconel 713LC as a material 

suitable for cold spraying. The powder particles, substrate, and coatings were characterized by the scanning 

electron microscopy (SEM). The powder particle size varied from 22 to 53 µm. The X-ray diffraction  

was performed to assess the phase composition and the hardness measurement for comparison of the powder 

particles and the coating hardness. Metallographic analysis was conducted to study the interface between 

coating and artificial defects and to evaluate the restoration capability of cold sprayed Inconel 713LC.  

The Inconel 713LC coating was successfully deposited onto the real turbine blade with artificial defects.  

The geometry of defects has a significant influence on the quality of the coating. Phase transformations 

studied by means of X-ray diffraction were not detected. 

Keywords: Cold Spray, Inconel, repair, artificial defects 

1. INTRODUCTION 

The cold spray (CS) technology is considered the youngest thermal spray technology which is also included  

into the family of additive manufacturing technologies due to its precision and low temperature influence  

on processed materials. The technology is based on the acceleration of particles (mostly metal)  

by the supersonic gas jet with temperatures reaching up to 1200 °C. Feedstock with a powder particle size 

from 1 to 100 µm is injected by overpressure into the divergent part of the de Laval nozzle where the particles 

are accelerated up to 1200 m⋅s-1. Nitrogen or helium serves as a processing gas because of their specific 

molecular weights and sonic velocities. Nitrogen has approximately seven times higher molecular weight,  

but its sonic velocity is 2.89 times lower than that of helium at the same Mach number and gas temperature 

[1,2]. Due to these facts, helium is capable to accelerate powder particles to higher velocities using the same 

processing parameters [2,3]. Nevertheless, the price and technological simplicity to obtain nitrogen result  

in its increased popularity. This is also caused by an expensive and complex spraying booth  

with a gas recycling system while using helium as a processing gas [3]. 

Each powder material has its own critical velocity, which describes the threshold velocity for successful 

deposition. In general, the critical velocity depends mainly on the density of the material, the ultimate tensile 

strength, the melting temperature, and the actual temperature of the powder particles upon impact. The powder 
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particles spend only a short period of time in the hot gas stream (up to 1200 °C); therefore, the deposition 

process takes place in the solid state, and that is one of the most important benefits of this technology [4].  

The choice of powder and substrate material and substrate surface treatment is important regarding  

the bonding mechanism. In the case of the CS deposition of hard powder particles on a hard substrate,  

the main bonding mechanism is believed to be microwelding. To improve the quality of the interface between 

the substrate and the coating, the substrate should be polished prior to deposition [5-7]. 

Wu et al. [8] successfully deposited IN713C on the IN718 substrate with a gas pressure of 45 bar  

and a temperature of 1000 °C. The resulting coating consisted of 10 layers and had only 0.3 mm in thickness 

with a low internal porosity of 1.23 % and a hardness reaching up to 500 HV0.5. The low thickness  

of the coating suggests a low deposition efficiency of the process. Ma et al. [6] compared IN718 coatings 

sprayed using helium and nitrogen as processing gas in the as-sprayed and heat-treated state. The study 

shows a decrease in porosity with increasing gas pressure, while using nitrogen as a processing gas  

from 30 to 70 bar. An even greater decrease in porosity was provided by using helium at the same gas 

temperature (1000 °C) but with lower pressure (30 bar). The porosity of all samples decreased even more after 

the implementation of heat treatment (990 °C/4 h) into the process. The mentioned studies show that Inconel 

superalloy coatings are feasible when using nitrogen as a processing gas with processing parameters 

reachable by industrial CS system.    

This work describes the future use of Inconel 713LC as a material suitable for repairing parts using  

CS technology from the point of view of phase transformations during deposition, effectivity of the process, 

evolution of hardness and feasibility of the repair process. This study is the first attempt to use this specific 

Inconel superalloy as feedstock powder and suggests improvements to increase sprayability  

via CS technology.  

2. MATERIALS AND METHODS 

In this work, Inconel 713LC (Sandvik Osprey Ltd., UK) with a powder size in the range from 22 to 53 µm  

was deposited on the Inconel 713LC substrate prepared from the real turbine wheel blade. The powder 

feedstock was prepared by gas atomization in inert gas and obtained a spherical morphology with satellites 

and/or agglomerated particles. The morphology of the feedstock powder was observed by scanning electron 

microscopy (Ultra Plus, Zeiss, Germany).  

For the assessment of the repair capability of CS technology, artificial defects were ground and drilled into  

the two turbine blades used as substrates. The ground scratches had a maximum of 3 mm in width,  

and the holes were drilled by a borer with 6 mm in diameter. After manufacturing the defects, the substrates 

were sandblasted (F30 alumina), ground, and polished with diamond pastes (7, 3 and 1 µm). The duration  

of each grinding and polishing step was 5 minutes and it was carried out with a handheld multitool (Dremel 

3000, Bosch, Netherlands). Before deposition, the blades were cleaned in an ultrasonic bath with acetone  

and dried with hot air. For calculating the process efficiency, the weights of the powder and substrates were 

measured before and after deposition.  

The coatings were deposited using Impact Innovations 5/11 cold spray gun (Impact Innovations GmbH, 

Germany) connected to a six-axis robotic arm (IRB 4600, ABB Ltd., Germany). The “OUT 1” de Laval nozzle 

manufactured from SiC was chosen for the deposition. The nozzle had a length of 130 mm and was used  

in combination with a short prechamber supplied with the system. The deposition parameters were selected 

based on the technological limits of the cold spray setup, experience, and the Kinetic Spray Solution software. 

The pressure and temperature were 50 bar and 1020 °C, respectively. The standoff distance was chosen  

to be 30 mm in combination with 400 mm⋅s-1 as the scanning speed. The trajectory used was the Zig-Zag  

with a 1 mm step (Figure 1b). The deposition angle between the gun and the substrate holder was set  

to be 90°. Before deposition, the first blade (substrate) was preheated with hot nitrogen (10 passes without 
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powder) and will be further designated as “G” while the second blade was preheated by IR (infrared) ceramic 

heaters and will be further designated as “IR”. The coatings on the individual substrates after sampling  

are illustrated in (Figure 1). The arrows show the examined cross sections. 

  

Figure 1 Coated turbine blades after sampling, a) substrate “G”, b) substrate “IR” 

The microstructure, morphology, and chemical composition of the powder and coatings were analyzed  

by a scanning electron microscope (SEM) equipped with an EDS spectrometer.  SEM analysis was also used 

to study the quality of the interface between the substrate and the coating and the individual layers of coating.  

The coating thickness was measured on a polished cross-section of a standard metallographic sample using 

Olympus StreamMotion software.  

The phase composition of the powder and coating was examined by X-ray diffraction (X’Pert pro, Phillips, 

Netherlands) using a Cu Kα radiation operated at a current of 30 mA and a voltage of 40 kV. The diffraction 

patterns were scanned between 20° and 105° with the step 0.016°. The post-processing of the diffraction data 

was executed using X’Pert Highscore software (Malvern Panalytical Ltd., Netherlands).  

Hardness measurements of the powder, substrate and coatings were performed using the Qness Q10A 

hardness tester (QATM GmbH, Germany) with a force of 50 g on the powder, and 500 g on the substrate  

and coating. The hardness of the substrate and the coating was measured in a cross-section perpendicular  

to the spraying direction.  

3. RESULTS AND DISCUSSION 

As mentioned above, the Inconel 713LC powder was used for the restoration of artificial defects by CS 

technology. The measured chemical composition of the powder is in agreement with the chemical analysis 

executed by the manufacturer. The microstructure of the powder particles was of a dendritic character  

and the interdendritic spaces exhibited a different chemical composition if compared to the dendrites. Different 

segregation behavior of elements, e.g., Mo, Nb, and Zr, during rapid cooling (gas atomization process) causes 
an increase in their concentration in interdendritic spaces. Due to this phenomenon, interdendritic spaces 

possess lower concentrations of Ni and Al [9,10]. 

All X-ray diffraction spectra obtained from the feedstock powder and the deposited coating show the same 

phase composition as expected. The CS process precludes any excessive heating, melting, and presence  

of any phase transformations. The only difference is the thickness of individual peaks, which is caused  

by plastic deformation (increase in dislocation density) during cold spraying in the case of coating [9].  

The change in hardness was examined by measuring the powder particles (435 ± 24 HV0.05), the substrate 

(375 ± 18 HV0.5) and the coating (HV0.5). In this case, an important phenomenon occurs during spraying:  

the harder the substrate and powder particles are, the lower the probability of successful deposition.  

To overcome this setback, higher deposition parameters or helium as a processing gas should be used [10]. 
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The anticipated trend in the substantial increase in hardness of the coating (if compared to the hardness  

of powder particles) caused by the deformation strengthening was increased by bombardment of the coating 

by impacting powder particles that did not deposit onto previously deposited layers but were deflected.  

This phenomenon is in the literature called “the hammering” or “shot peening” effect [11,2]. The deformation 

strengthening was also present in the subsurface layer of the substrate, which is consistent with the current 

literature [8]. The hardness of the substrate material close to the substrate/coating interface increased 

to 418 ± 17 HV0.5 in case of the “G” substrate and to 415 ± 28 HV0.5 for the “IR” substrate, while the hardness 

of the substrate farther from the interface was 375 ± 18 HV0.5. The hardness of the coating increased, 

compared to powder, on the substrate indicated as “G” and on the substrate indicated as “IR”  

up to 696 ± 29 HV0.5 and 655 ± 37 HV0.5, respectively. The slight decrease in the measured hardness  

can be attributed to the more pronounced heating of the “IR” substrate. Wu et al. measured the hardness  

of the IN713C coating (10 layers) and obtained values reaching ~500 HV0.5 near the substrate/coating 

interface. The subsurface layer of the substrate also had an increase in hardness after deposition,  

namely from ~250 to ~300 HV0.5 [8].  

The overall process efficiency was calculated as the difference in substrate weight before and after deposition 

(weight of the coating), divided by the initial weight of the powder put into the powder container minus  

the weight of the powder after deposition and the cleaning process.  Powder losses during deposition were 

caused by overspraying and deflecting of particles from the substrate or already deposited coating. 

Overspraying outside of the substrate was needed during deposition using a Zig-Zag trajectory to achieve  

the set constant scanning speed of the gun while spraying onto the substrate. The robotic arm equipped  

with the gun needed time and space to safely decelerate from the set scanning speed (400 mm⋅s-1)  

and then accelerate again. The other minor powder losses were caused by the powder remaining in the powder 

feeder, the powder line, and the powder sprayed prior to the deposition itself to flush out any remaining powder 
from previous deposition. 

CS deposition onto the substrates “G” and “IR” were two individual experiments. The substrate “G”  

was preheated by 10 passes of the gun (duration of 2.15 min) heated up to the deposition parameters  

(1020 °C, 50 bar) and the overall weight of the powder used for this experiment was 111.85 g. The deposition 

process consisted of 20 layers and the weight of the powder deposited on the substrate was 2.34 g, resulting 

in 2.07 % process efficiency. The heating of the “IR” substrate took 15 minutes, and the measured surface 

temperature was approximately 300 °C. The deposition process consisted of 30 layers and the weights  

of the powder used and deposited were 253.26 g and 4.69 g, respectively. The resulting process efficiency 

was similar, namely 1.85 %.  

The low process efficiency could have been caused by the presence of satellites on feedstock powder particles 

and agglomerates and/or low gas temperature during spraying, resulting in insufficient powder particle velocity, 

as Ma et al. mentioned in their work [6]. In this case, the process efficiency is probably also negatively 

influenced by the presence and geometry of the artificial defect on the substrate, where the deposition angle 

differs from 90°. A substantial increase in efficiency would be achieved by using helium as a processing gas 

[2,3]. 

The uneven thickness of the coating in the artificial groove and its closest vicinity was caused by the specific 

geometry of the groove, while the rest of the substrate was uniformly coated with a coating thickness ~170 µm 

for the substrate “G” and ~250 µm for the substrate “IR” (Figure 2).  

The coatings with the highest thicknesses were deposited into the drilled holes in both substrates, 

approximately 540 µm on the “G” substrate and ~840 µm on the “IR” substrate, where the difference in impact 

angle was the lowest. The angle of impact differed from 90° mainly for particles that impacted at the edges  

of holes or grooves. This phenomenon resulted in substantially lower coating thicknesses at those edges 

(~32 µm) in comparison with the middle of the grooves, as shown in (Figures 3a and 3b), where the maximum 
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thicknesses were ~330 µm and ~600 µm, respectively. The combination of material buildup with Zig-Zag 

trajectory and sudden change in the deposition angle could have caused coating delamination between 

individual layers (Figure 3). The lack or absence of bonding of the particles caused their deflection,  

and the deflected particles negatively influenced the deposition of other impacting particles by colliding with 

them, resulting in an overall low process and deposition efficiency. 

  

Figure 3 Micrographs of grooves after deposition (SEM, BSE): a) “G”; b) “IR” 

The black spherical “holes” present in (Figures 2 and 3) are carbon particles - the artefacts created during 

sample preparation for SEM analysis. The porosity of the coating is negligible in areas where the individual 

layers bond well together. This fact was associated with a low process efficiency and the hammering effect  

of the deflected particles [12]. Visible increase in porosity caused by imperfect bonding between layers  

is shown in (Figures 2b and 3b), in the coating deposited in the groove. The delamination between layers was 

attributed to the preparation of a metallographic sample during which high forces and long grinding  

and polishing times were applied for individual steps.  

4. CONCLUSION 

Based on X-ray diffraction analysis, the absence of phase transformations during deposition was confirmed.  

The methodology to calculate the process efficiency used in this work is simple and includes overspraying  

and losses caused by cleaning the powder container. The low process efficiency implies the low restoration 

capability of Inconel 713LC using this particular setup including processing parameters. The quality  

  

Figure 2 Micrographs of the coating and the substrate/coating interface (SEM, BSE): a) “G”; b) “IR“  
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of the interface and the coating was, from the visual point of view, satisfactory in both investigated cases.  

The low porosity, the interface without a high amount of defects and the high coating hardness can be attributed  

to the significant hammering effect caused by hard impacting and deflecting Inconel particles.  

An increase in the restoration capability could be provided by using a higher processing gas temperature  

(or helium) in combination with a longer nozzle and a larger prechamber (ensuring higher powder temperature). 

This would result in an increase in process and deposition efficiency and a better bonding between Inconel 

powder particles. The other possibilities for increasing the restoration capability are a change of the defect 

geometry, the implementation of a more suitable trajectory, and/or annealing of the feedstock powder. 

In this case, the substrate preheating by infrared ceramic heaters proved to be a significantly less effective 

solution than substrate preheating by hot processing gas flowing from the gun before the start of the deposition. 
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Abstract  

Boronizing is a thermochemical process in which the boron atoms are introduced into the steel surfaces. During 

this process, the boride layers with high hardness, wear- and corrosion-resistance are formed. In this study, 

the Royalloy (0.05 wt.% C; 12.6 wt.% Cr; 0.4 wt.% Si and 1.2 wt.% Mn) steel was powder-boronized at 900, 

950, 975, 1000 or 1050 °C, and for 1, 3, 5, 7 or 10 h. The boronized samples were analyzed by X-ray diffraction 

analysis (XRD) to analyze their phase composition, and by scanning electron microscope to analyze their 

thickness and morphology at the interface with the substrate. To investigate the chemical elements 

redistribution during the boronizing process, the EDS mapping and EDS point analysis were used. The 

treatments produced boride layers with a thickness from 8 to 168 µm, depending on the boronizing parameters. 

During the boronizing process, the chromium was redistributed between the boride layers, where creates the 

chromium borides, and the transient region underneath the boride layers, where creates the particles with the 

biggest amount of chromium. The silicon was focused at the layer - substrate interfaces. The concentration of 

manganese was slightly higher in substrate compared to the boride layers. 

Keywords: Boride layers, boronizing, chromium, borides 

1. INTRODUCTION 

For ferrous alloys the boronizing process is realized in the temperature range of 800 - 1050 °C and for 0.5 - 

10 h. By this process, it is possible to improve some properties of steels, such as surface hardness, corrosion 

resistance, wear resistance etc. [1,2]. Boronizing can be realized in gaseous medium [3], in solid medium 

(powder, paste) [2,4,5], in plasma [4,6] or by electrolysis [7]. In the case of carbon steels, the formation of 

boride layers on their surface takes place according to the iron - boron equilibrium diagram. During the 

formation of the boride layers, the Fe2B phase with a content of 8.83 wt.% B is formed first. The hardness of 

this phase is around 1700 HV [1]. The FeB phase is formed as the second one. It contains 16.23 wt.% B and 

has a hardness of around 2200 HV [1]. In case of high- alloy steels, borides of alloying elements, especially 

chromium borides (CrxBy), may also occur in the boride layers [1,8]. The thickness of boride layers increases 

as both the boronizing temperature and time, however, increasing carbon and alloying elements content 

inhibits the growth of boride layers. The reason of this phenomenon is that the carbon and alloying elements, 

especially chromium, decrease active diffusion of boron. For this reason, in case of high-alloy steels, the 

morphology of boride layers at interface with the substrate becomes smooth and loses characteristic sawtooth 

morphology [1,2]. The current paper deals with the basic characteristics of boronized layers developed on low-

carbon high-chromium steel substrate. The plastic mould steel Uddeholm Royalloy was used as a model 

material. The thickness of each individual boronized region, redistribution of main elements between borides 

and substrate is described and discussed. 
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2. MATERIAL AND EXPERIMENTAL TECHNIQUES 

The analysed material was Royalloy steel with a chemical composition (in mass%) 0.05 % C; 0.4 % Si; 1.2 % 

Mn; 12.6 % Cr [9]. A total of 51 samples were made from this steel, each of which was numbered (R0 - R50). 

The samples were metallographically prepared by grinding on SiC sandpapers with a grain size 600 and 1200 

and polished with a polishing wheels using a diamond paste with a particle size of 6, 3 and 1 µm. After 

metallographic preparation, the samples were ultrasonically cleaned and degreased in acetone for 15 min. 

Subsequently, the samples were boronized in Durborid powder mixture, when the powder mixture and samples 

were added into the steel container and hermetically sealed (Figure 1) [10]. The container was placed into 

an electrical resistance furnace and heated to the pre-determined boronizing temperature. The boronizing 

process was carried out at 900, 950, 975, 1000 or 1050 °C, and for 1, 3, 5, 7 or 10 h at each temperature. 

After the boronizing process, the samples were cooled down slowly to the room temperature and removed 

from the containers. For microstructural examinations boronized specimens were prepared by grinding on SiC 

sandpapers with a grain size 80, 280, 600 and 1200 and polished with polishing wheels using a diamond paste 

with a particle size of 6, 3 and 1 µm. After polishing, the samples were etched in COR etchant (CH3COOH; 

HCL; picric acid, CH3OH) [11] for 5 - 7 s. The microstructures were analysed by a scanning electron 

microscope (SEM) Jeol JSM-7600F, using a secondary electrons by an acceleration voltage 15 kV. Thickness 

of individual boride layers were measured on at least five randomly acquired SEM images, at appropriate 

magnification. To obtain a sufficient reliability of the obtained results an approach by Kunst and Schaaber [12] 

has been used. For a more precise determination of chemical elements redistribution, the microscopic analysis 

was supplemented by an energy dispersive spectroscopy (EDS), where the point analysis (min. 8 

measurements in each borides) and chemical elements mapping were realized.  

 

Figure 1 The scheme of Durborid powder mixture boronizing [5] 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Cross sectional SEM images of boronized samples at 900 °C for 1, 3, 5, 7 and 10 h are shown 

in (Figure 2). The boride layers were two-phase, composed of FeB and Fe2B phase, except the sample 

boronized at 900 °C for 1 h. In this case, the boride layer was composed of Fe2B only. Underneath the boride 

layers, there is an area called transient region. As can be seen a lot of small particles are present there. 

However, they nature is not clarified yet, and this issue needs further investigation.  

As shown in (Figure 3) the thickness of boride layers increases with increasing the boronizing temperature 

and/or duration. However, the thickness increase does not obey a parabolic thickness-duration relationship, 

which is typical for most thermo-chemical treatments. Specifically, the most of deviations from the parabolic 

law of the layer growth can be found for processes that were carried out for either 5 or 7 h. A redistribution of 

alloying elements between the matrix and borides, see (Figure 4), can be considered as a possible source of 

mentioned deviations. 
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Figure 2 Cross sectional SEM images of samples boronized at 900 °C for 1(a), 3(b), 5(c), 7(d) and 10(e) h. 

 

Figure 3 The growth of boride layers depending on boronizing parameters: FeB layer (left), Fe2B layer (right) 

Figure 4 shows an example of EDS maps acquired from the sample boronized at 900 °C for 10 h. It is seen 

that chromium undergoes considerable redistribution during the boronizing process; the Fe2B contains slightly 

higher Cr content than the FeB. Moreover, significantly enhanced Cr content is visible in the transient region, 

in different particles present here. Mn is pushed out from borides, ant the most part of this element is contained 

in particles in the transient region. Silicon does not assist in particles formation; the most part of Si is in solid 

solution close to the Fe2B/matrix interface, with maximum concentrations above 4 mass%. It is also worth 

noting that the analyses of other boronized specimens gave very similar results, and they differ only in the 

extent of elemental redistribution. 
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Figure 4 SEM image + EDS maps of chemical elements in the sample boronized at 900 °C for 10 h. 

 

Figure 5 Result of Thermo-calc simulation of phase equilibria for 4.2%Si - 3.72Cr - 0.72 Mn (maximum 

determined Si content below the borides. BCC - ferrite, FCC - austenite, other phase are carbides or sigma 

phase. 

Figure 5 shows a result of Thermo-calc simulation of phase equilibria for maximum Si content below the 

borides. It is shown that silicon stabilizes the ferrite; at very low carbon content the steel microstructure is 

ferritic up to the solidus temperature. Since the boron solubility in ferrite is very low [13] the presence of the 
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BCC solid solution may provide serious obstacles in the growth of boronized layers. The ferrite stabilization 

through enhanced Si content may also provide a possible explanation of deviations in growth kinetics of 

boronized layers from parabolic law (Figure 3). 

For exact quantification of chromium partitioning between borides and substrate the EDS point analysis was 
used. The graphical interpretation of the obtained results is shown in (Figure 6). It is seen that borides contain 
more Cr than is the content of this element in the substrate. This indicates that Cr is transported to borides 
leaving the adjacent close-to-borides region depleted by this element (Figure 4). Another important aspect is 
that Fe2B contains slightly higher Cr content than FeB. This may be a result of gradual Cr-diffusion from the 
substrate to the free surface, but also a consequence of the fact that Cr can more easily be incorporated into 
Fe2B than into FeB. This phenomenon, however, needs further careful investigation. Also it is clearly visible 
that the newly formed particles in transient region contains enhanced (20 - 30 mass% in most cases) Cr 
content.  

 
Figure 6 The chromium contents in FeB, Fe2B, particles underneath the boride layers and substrate 
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4. CONCLUSION 

In this article, the Royalloy steel was subjected to a boronizing process for different time and temperature. The 
following conclusion can be derived from the obtained results: 

 All the boride layers are two-phase, except the sample boronized at 900 °C for 1h; 

 The total thickness of boride layers increases with both the temperature and time, with the maximum 
thickness of 168 µm obtained for 10 h treatments at either 1000 or 1050 °C; 

 Strong deviations from generally valid “parabolic law” of layer growth was determined; an enhanced Si 
content underneath the borides can cause ferrite stabilization and thereby retardation of growth of 
borides, for longer treatments in particular; 

 A great number of „extra“particles is formed underneath the boride layers. These particles contain very 
high amount of chromium; 

 Also, borides are enriched with Cr as compared with the nominal substrate Cr content; the Fe2B 
contains slightly higher Cr content than the FeB.  
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Abstract  

The possible differences in the protective performance of Zn and MIO pigmented epoxy coatings for different 

times of exposure performed during 533 hrs in 0.05 M NaCl were confirmed by new interpretation of ENA data 

in combination with single frequency (1 kHz) impedance test results. By this approach changes of resistivity 

and dielectric constant (identified on tested coating system at different times of exposure) can be related to 

delamination tendency as well as changing possibilities for new defects formation in tested type of coating for 

different time of exposure.  

Keywords: Modified ZRP, ENA, SIFT, water uptake, interfacial delamination 

1. INTRODUCTION  

As recent findings show modified Zn pigmented epoxy coatings (with partial substitution of Zn by other type of 

fillers) when prepared with OPVC = 40 can ensure very low delaminated corroding area Ad values after 168 

hrs exposure to 0.05 M NaCl [1]. In this case an estimation of delaminated corroding area Ad at the steel/coating 

interface can be made based on increase of double layer capacitance Cdl data obtained by analysis of noise 

impedance spectra during exposure. For different types of ZRP modified by combination of Zn dust with 

aluminium or carbon type fillers different ability of polymer matrix with Zn/Al or Zn/C particles combination for 

oxygen transport to the coating/steel interface was considered as possible explanation of found differences in 

Ad. In this case however question arises if for an explanation of found differences in Ad cannot be considered 

rather differences in water uptake usually tested by single frequency (1 kHz) test (SIFT) providing information 

concerning the coating capacitance Cc and the coating resistance (pore resistance) Rpo. It should be 

remembered for mentioned type of ZRP no swelling (volume and area increase) was observed so that the 

capacitance should be considered to be proportional to product ε.ε0 (ε is the coating dielectric constant, ε0 is 

the permittivity constant for vacuum) and can so be used for monitoring of coating dielectric constant ε. On the 

other hand, for Rpo values obtained by SIFT Haruyama et. al. [2] suggestions (that the decrease of Rpo and the 

increase of Cdl with exposure time are due to increase of the delaminated area Ad) can be possible accepted 

and used for monitoring of coating resistivity ρ if value Ad (« A) is known (A = total specimen area).  

In fact, the degree of delaminated area at the metal/coating interface (delamination ratio D = Ad/A) can also be 

estimated by the break point frequency fb and minimum frequency fmin (the frequency of the phase-angle 

minimum) used for modelling of EIS spectra by Mansfeld and Tsai [3]. In this case information concerning the 

decrease of ρ and the increase of D can be obtained by analysis of EIS spectra from high to medium frequency 

data. In spite of some references indicating good correlation between visually determined Ad and Ad 

determined by fb [4,5] procedure for determination of ρ by combination of ENA data (providing information 

concerning Cdl and Ad) with SIFT data (providing information concerning Cc and Rpo) has not yet been checked 

from the point of view possible estimation of fb and fmin values without use of EIS. In fact, estimation of these 

parameters can be interesting because considering Tsai and Mansfeld analysis [6] of fb and fmin (dependent 
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on Ad and ρ) and fb/fmin (dependent only on Ad) one can perform analysis of the ratio (fb-fmin)/(fb/fmin) to obtain 

value of critical D at which this ratio becomes dependent on additional absorption of water in defects formed 

at the filler/binder interface. By this way critical value of D can be considered as value of D at which 

deterioration of the filler/binder interface increases the quantity of defects and promotes transport of water into 

coating with expected good barrier properties. 

The main aim of this study was to verify how much this approach can help in study of water uptake and 

interfacial delamination of Zn and MIO pigmented epoxy coating with OPVC = 40 at longer times of exposure. 

Apart of electrochemical measurements more advanced microscopic method was used for metallographic 

analysis of tested coating system after the longest time of exposure (533 hrs) to 0.05 M NaCl. EDX mapping 

of structure (SEM  SE image) of cross-sections were chosen for this purpose. The same analysis was used 

for non-exposed coating system in order to distinguish possible differences in the structure for exposed and 

non-exposed tested coating.         

2. EXPERIMENTAL 

2.1. Material 

Tested type of Zn and MIO pigmented epoxy coating was prepared using zinc dust and MIO filler of given 

commercial quality (see Table 1). 

Table 1 Characteristic of ZRP modified by different type of fillers  

Sample  
OPVC 
(vol %) 

Vol% ratio Zn:filler 
Filler Binder Hardenner 

AKMM 104 40 7:3 MioxMicro 30 CHS Epoxy 222 Telalit 160 

Zinc dust used for preparation of coating was 4P16 (supplied by UMICORE Zinc Alloys and Chemicals Co.). 

In combination with Zn dust was used filler MioxMicro 30 (supplied by Kärtner Montan Industrie, Austria). Tested 

coating was applied by a spreader bar to steel C4Q panel previously polished and degreased. The average 

thickness of dry film was 55 m. 

2.2. Method 

Immersion test using above mentioned special monitoring approach was performed with use of the same 

experimental set up as described earlier [7]. The potential and current noise (ENP and ENC) values for given 

data set measured at given immersion time in 0.05 M NaCl were collected for measurement periods of 600 s 

with sampling frequency of 20 Hz (12 000 points per period) using GAMRY ESA 410 software. These data 

were used to obtain MEM noise impedance spectrum characteristics (MEM curves) providing information about 

Cdl values as well as Ad values changing with immersion time t. For this purpose, Ad(t) can be estimated from 

Cdl values measured at given time t (F) by means of empirical equation Ad = Cdl(t)/20 if 20 is the typical value 

of the bare steel double layer capacitance adapted to estimate the underlying metallic active interface (F/cm2) 

[8]. In addition to it immediately after every EN measurement at given time of exposure single frequency  

(1 kHz) impedance test with the use of HIOKI LCR HITESTER was performed to estimate values of Rpo and 

Cc for the same time of exposure.      

3. RESULTS AND DISCUSSION 

Four EN measurements together with four single frequency tests were performed on type AKMM 104 

specimens in different times of exposure (5, 197, 365 and 533 hrs). As can be seen from (Figure 1) MEM 

Impedance spectrum is for every of different times of exposure different confirming by this way quite different 

barrier properties changing with time of exposure. 
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5 hrs 197 hrs 

  
365 hrs 533 hrs 

Figure 1 Noise Impedance spectrum (MEM curves) for AKMM 104 at different exposure times 

Table 2 lists the parameters including instantaneous Cdl and Ad values obtained from MEM curves together 

with parameters Rpo and Cc obtained from single frequency tests together with calculated values of ρ and ε.  

Table 2 Variations of Cdl, Ad, Rpo and Cc together with calculated values of ρ and ε for tested coating system 

during 533 hrs exposure in 0.05 M NaCl 

Exposure time 
(hrs)  

Cdl (F) Ad (cm2) Rpo () Cc (F) ρ (.cm) ε 

5 2.12E-09 1.06E-04 57.65E+06 40.42E-12 1.11E+06 6.58 

197 1.59E-08 7.93E-04 3.12E+06 111.48E-12 4.58E+05 18.14 

365 3.10E-08 1.55E-03 1.36E+06 163.46E-12 3.85E+05 26.59 

533 3.59E-08 1.79E-03 9.64E+05 197.70E-12 3.15E+05 32.16 

Considering possible interpretation of coating deterioration according to fb and fmin values [3] it should be 

remembered break point frequency fb is given by the expression  

�Y =  �)���� 6  �                                                                                                                                                     (1) 

while minimum frequency fmin is given by the expression  

�Y =  �
]n����� ���� 6��a<�  �<�                                                                                                                                           (2) 
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In both expressions is involved ε0 = 8.85E-14 F/cm (the permittivity constant for a vacuum) and in expression 

for fmin also thickness of coating d (cm) and specific double layer capacitance Cdl0 = 2E-05 (F/cm2) [8]. If for 

calculation fb and fmin values of parameters involved in Table 2 were used time dependance of ratio (fb-

fmin)/(fb/fmin) as well as value of ε (reflecting absorption of water in the coating) was obtained for tested coating 

system (Figure 2).   

 

Figure 2 Time dependance of ratio (fb-fmin)/(fb/fmin) and ε calculated for Zn and MIO pigmented epoxy coating 

during exposure to 0.05 M NaCl 

From (Figure 2) can be seen the additional absorption of water at defects formed at the filler/binder interface 

occurs for tested coating system after 197 hrs of exposure. It should be remembered that the start of additional 

absorption of water means also the start of some Cl- ions penetration into coating and redistribution of Zn and 

MIO particles in polymer matrix. Both of these effects can be confirmed by (Figure 3). 

       
       

Figure 3 EDX mapping and structure (SEM-SE image) of cross-sections for AKMM 104 (left non-exposed, 

right  exposed) 

From (Figure 3) can be seen the interconnectivity of Zn as well as MIO particles close to the steel/coating 

interface is decreased for the exposed coating system after 533 hrs of exposure to 0.05 M NaCl. At the same 

time in spite of some Cl- ions penetration observed for outer part of coating it seems this penetration is 
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concerning only the corrosion products and not passivating film which can still inhibit the corrosion process at 

the steel/coating interface.       

4. CONCLUSIONS 

New interpretation of ENA data in combination with single frequency (1 kHz) impedance test results  

was checked for estimation of parameters of fb and fmin (used for determination of coating deterioration by EIS). 

It was found this method based on modelling of coating electrical properties related to corrosion of substrate 

can help in study of water uptake and interfacial delamination in modified Zn pigmented epoxy coatings with 

OPVC = 40. 
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Abstract  

Laser cladding, which is surface modification technology, is based on melting with a laser beam by spraying 

powder on the base metal and generated by depositing the layers. In this study, the Metco 42C martensitic 

stainless steel powder material was cladded on the FGS600-3A ductile cast iron used in sheet metal forming 

molds. The effect of energy input on porosity and microhardness was investigated. The digital image 

processing method was used for porosity analysis. The energy input had a significant effect on the pore 

formation. The lower energy input (1.1 kW laser power, 14 mm/s scanning speed) resulted in lower porosity. 

The cladding thickness varied depending on the scanning speed parameter due to affecting powder efficiency, 

high thickness was obtained at 6 mm/s low scanning speed. In the upper layer of the cladding, high hardness 

values were achieved due to the martensitic phase formation. The bottom layers of cladding had lower 

hardness values because of the tempering of the hard martensitic phases by subsequent cladding processes. 

Significant increase in hardness at cladding zone was attributed to carbon transfer from the base metal. This 

remarkable increase in hardness was much higher at lowest energy input (1.1 kW laser power and 14 mm/s 

scanning speed). However, it is clear that this will increase the risk of crack formation because of brittleness. 

On the other hand, at the higher energy input, this significant increase in hardness is at a lower level due to 

rest-austenite formation and excessive annealing with subsequent cladding processes. 

Keywords: Laser cladding; process parameters; porosity; micro-hardness, martensitic stainless steel powder 

1. INTRODUCTION 

The laser cladding, that is surface modification technology and a precision repair method, is based on the 

principle of melting with a laser beam by spraying powder on the base material. It can be produced by 

depositing the material in the form of layers of multi-track. This advanced method is preferred in the industry 

with its advantages such as high energy density during deposition, minimum dilution rate, high production rate, 

shallow heat-affected zone, minimum distortion, fast cooling, good mechanical properties and good surface 

quality [1]. Laser cladding is a popular surface modification technique using to repair or remanufacture worn 

parts operating in high and low temperature environments such as turbine blades, aerospace components, 

nuclear reactors, automobile engine units, sheet metal forming molds in automotive industry etc. [2,3]. It is 

suitable for repairing fatigue cracks, corroded, damaged, and worn components. However, this process has 

some disadvantages such as crack and porosity. 

Manjanah et al. [4] studied laser metal cladding with 316L powder material on stainless steel for single-track. 

They investigated the effects of laser power, scanning speed and powder flow rate on cladding geometry and 

microstructural details. They observed that the cladding height and width decreased with increasing scanning 

speed and decreasing laser power. Also, they observed columnar and equiaxed dendritic grains in the direction 
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of solidification. Pan et al. [5] implemented 18Cr-0.2C Fe- powder on AISI420 stainless steel substrate using 

laser cladding method. Microstructure, phase transformations, mechanical properties, thermal cycle, corrosion 

properties were investigated. They observed the lath martensite formed in the microstructure at the top of 

cladding layer, a portion of the base metal melted during the cladding process and lots of carbides collected 

in this region causing the existence of a Cr depleted zone. Ferreira et al. [6] investigated multilayer deposited 

of martensitic stainless steel (Metco 42C) powder on 42CrMo4 structural steel. Laser power, scanning speed 

and feed rate were tested with preheating and without preheating. The effect of the parameters on the 

microstructure and microhardness and cladding geometry (height, width, and depth) were analyzed. They 

found that the metallurgical bonding required higher than 1 kW laser power. The increase in laser power and 

feed rate enhanced the probability of cracking. But, preheating reduced the crack problems. They stated that 

the determination of optimal conditions were essential for cladding quality. 

In the next years, laser cladding technology is expected to become more extensive in a variety of sectors, 

including mold repair. But, porosity problems in this method need to be minimized. There are limited studies 

on multi-layer laser cladding in the literature, mostly researches for a single layer. The purpose of this study is 

to investigate the effect of process parameters (laser power and scanning speed) on microhardness and 

porosity in the laser cladding process of martensitic stainless steel powder (Metco 42C) on ductile cast iron 

(FGS600-3A) used in automotive molds. The porosity rate was calculated by the digital image processing 

method. 

2. EXPERIMENTAL DETAILS 

Metco 42C powder, which corresponds to AISI 431 martensitic stainless steel, was deposited on FGS600-3A 

ductile cast iron used in sheet metal forming molds by the laser cladding process. Table 1 shows the chemical 

compositions of FGS600-3A ductile cast iron and Metco 42C powder used in this study. 

Table 1 Chemical composition (wt.%) of Metco 42C powder and FGS600-3A ductile cast iron 

Material C Si Mn P S Sn Cu Mg Cr Ni 

FGS600-3A 3.06 2.06 0.52 0.044 0.009 <0.01 0.68 0.049 -- -- 

Metco 42C  0,18 -- -- -- -- -- -- -- 17 2 

In the laser cladding process, 6-axis filling welding unit KUKA KR 90 R3100 Extra and the KUKA KL 1500-3T 

linear table were used in cartesian coordinates (Figure 1). LASERLINE-LDF 4000-100 laser has 4000 W of a 

maximum laser power. The laser beam diameter was 3 mm, and the laser wavelength was 900-1070 nm. 

Laser beam quality was 30 mm-rad, the minimum focus was 450 µm on 150 mm distance. The software used 

was Toplas 3D V3. ERLAS Gmbh laser nozzle and DELTATHERM LTK 1-4 Laser Nozzle Cooling Device were 

used. Fiber cable length was 30 m, optical fiber was 600 µm (NA 0.2), and laser torch workpiece distance was 

12 mm. 

 

Figure 1 The laser cladding unit 
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Laser cladding was implemented under Argon shielding gas which has a flow rate of 5 l/min. Oerlikon Twin-

120A Powder Feed has a 13.6 g/min powder flow rate, 3 rpm powder feeder rotation speed. The other technical 

properties, cooling water flow rate was 1.8 l/min, and cooling water pressure was 0.22-0.3 MPa. 

In this study, three test groups were formed (Table 2 and Figure 2). Our expertise in commercial applications 

was beneficial to determine the parameter values used in this study. The energy input was calculated based 

on laser power and scanning speed (Equation1) [7] :                                                  

eedScanningSp

LaserPower
tEnergyInpu                        (1) 

  

Figure 2 Test specimens produced with different process parameters 

Table 2 The laser cladding parameters used in this study 

Experiment No Laser Power (kW) Scanning Speed (mm/s) Energy Input (J/mm) 

1 1.9 6 316.67 

2 1.5 10 150 

3 1.1 14 78.57 

Laser cladding was implemented to 150 mm x 60 mm in length and width on FGS600-3A molds which were 

machined 1 mm thickness using a CNC milling machine before laser cladding to obtain a flat surface as in real 

applications. The cladding was built in three layers, a single layer was approximately 1 mm thick, and the hatch 

spacing was kept constant at 1.5 mm. The specimens were cut in a cross-section plane (transverse and 

longitudinal) using an electrical discharge machining (EDM) machine. For layer characterization, it was ground 

on 180, 400, 600, 800, 1000, 1200 grit SiC papers, and polished 1 µm and 0.3 µm colloidal alumina with 

FORCIPOL 2V metallographic grinding and polishing machine. 

The NIS Elements-D program in the optical microscope was used to quantitatively examine specimen surfaces 

using the digital image processing approach. The pore fractions of the specimens were determined. Vickers 

microhardness measurements from the surface along with the depth at 100 µm intervals were taken using a 

DUROLINE-M hardness tester with a 10s dwell time and 50 g load for transverse surface. 

3. RESULTS AND DISCUSSION 

3.1. Porosity Analysis 

Energy input had a significant influence on the pore formation and shapes in the cladded layers in this study. 

The energy input have to be controlled to obtain a low porous cladding, since pore formations affect 

significantly the mechanical properties. The images of the transverse and longitudinal surfaces of the 
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specimens numbered "1" were shown in (Figure 3). The pores based on gases were become large and their 

fraction has increased because the molten pool flow dynamics have increased through the highest energy 

input [8-12]. The larger pores were greater the buoyancy in the molten pool. So, it can be seen that the larger 

pores spread to the upper layers with the increase in energy input (Figures 3-5). However, it is understood 

that, although the cooling rate in the specimen with the highest energy input was the lowest, this cooling rate 

was not sufficient to get rid of the gases floating in the cladding layer. The images of the cross-sections of the 

specimen “2” were shown in (Figure 4). The pore formation was less than "Specimen 1” due to the medium 

energy input (lower laser power and higher scanning speed). The images of the cross-sections of the specimen 

“3” can be also seen in (Figure 5). This specimen had the lowest porosity. But, the microcrack formations have 

appeared in this specimen due to the higher cooling rate (Figure 5b). In this study, the pore fractions of the 

specimens can be seen in Table 3 and (Figure 6). An increase in energy input increases the pore fraction. 

      

Figure 3 Cross section pore analysis of "Specimen 1" a-) transverse and b-) longitudinal 

      

Figure 4 Cross section pore analysis of "Specimen 2" a-) transverse and b-) longitudinal 

      

Figure 5  Cross section pore analysis of "Specimen 3" a-) transverse and b-) longitudinal 

a-) 

b-) 

a-) 

b-) 

a-) 

b-) 
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Table 3 Pore fractions of the specimens  

Experiment 
No 

Cross-Section Energy Input  

(J/mm) 

Pore Area 

(mm2) 

Cladding Area 

(mm2) 

Pore Fraction 

(%) 

1 
Transverse 

316.67 
8.55 153.88 5.56 

Longitudinal 3.98 76.56 5.20 

2 
Transverse 

150 
3.89 85.73 4.54 

Longitudinal 2.72 53.57 5.08 

3 
Transverse 

78.57 
3.92 86.3 4.54 

Longitudinal 1.85 54.29 3.41 

 

Figure 6 Graphical illustration of pore fractions of specimens 

3.2. Microhardness  

The microhardness values measured on the cross-sectional surfaces of the specimens are given in Figure 7. 

Cladding layer thickness can be clearly seen with hardness measurements carried out along the depth. The 

cladding thickness was related to the scanning speed. Since the scanning speed was very low (6mm/s) in the 

specimen with the highest heat input, the powder efficiency was high and the cladding layer height was higher 

than the others. The lowest cladding thickness was observed in the specimen produced with a scanning speed 

of 14 mm/s. In specimen “1” having the highest heat input (1.9 kW, 6 mm/s), hardness values were above 600 

HV0.05 in the top layer close to the surface having no subsequent thermal cycle. That is, the final cladding layer 

had not undergone any additional heat treatment cycle. Due to the rapid cooling of powder material after laser 

cladding, high hardness values were obtained through the occurrence of hard martensitic phases in the 

microstructure. On the other hand, while the hardness values in the second layer decreased to around 450 

HV0.05, the hardness value approached around 400 HV0.05 in the first layer. The first and second layers were 

exposed to thermal cycle twice and once during laser cladding deposition, respectively. It was caused the 

martensite phase to temper, resulting in a reduction in hardness. In specimen “2” having medium heat input 

(1.5 kW, 10 mm/s), the hardness was approximately 600 HV0.05 in the near-surface areas. The hardness values 

in the second layer decreased to 450-500 HV0.05, while the hardness values in the first layer were slightly 

above 400 HV0.05. In specimen “3” having the lowest heat input (1.1 kW, 14 mm/s), the hardness values in the 

third, second and first layer were 600 HV0.05, over 500 HV0.05 and 400-450 HV0.05, respectively. Since the 

martensite in the initial two layers was less tempered in this specimen due to lower heat input, the hardness 

losses as a result of thermal cycling were relatively less than the other specimens. 
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Figure 7 Microhardness measurements of the specimens along the depth 

The remarkable increase in hardness from the surface through the depth has occurred at the transition zone 

that was identified as the fusion zone between the first cladding layer and the base metal. By way of the carbon 

transfer from the base metal to the cladding zone, the carbon ratio has increased significantly in transition 

zone. So, the hardness of the martensite phase having higher tetragonality was high in this zone that has a 

high carbon content. This increase in hardness was very noticeable in the lowest heat input: the microhardness 

was around 950 HV0.05. In other specimens which have higher heat input, the hardness values were roughly 

620 HV0.05. This can be associated with more tempering of martensite and more carbon transfer from base 

metal to this zone at higher heat input. So, more carbon led to soft rest-austenite phase. It seems that carbon 

transfer was not at a level to form rest-austenite in the specimen having the lowest heat input. So, the 

microstructure in this specimen was completely transformed into the martensitic structure and increased the 

hardness significantly. 

The first layer was the most critical region for crack formation due to embrittlement. The microcracks were 

observed in the specimen having the lowest heat input with high hardness. Crack risk can be prevented by 
decreasing the hardness via increasing the heat input and preheating, using different process parameters. 

4. CONCLUSION 

In this study, the porosity and microhardness in martensitic stainless steel cladded layer on the FGS600-3A 

ductile cast iron were investigated in terms of different energy inputs. The conclusions have been drawn as 

follows: 

 Energy input has a significant effect on pore size and fraction. An increase in energy input increases the 

pore size and fraction. But, the lower energy input increases the risk of microcrack formation in the 

cladding layer. 

 The powder deposition efficiency decreases with increasing scanning speed. So, cladding layer 

thickness decreases with the increase of scanning speed. 

 The upper cladding layer has higher hardness values due to the martensitic structure. Since the first 
and second layers were exposed to the thermal cycles during cladding process, these layers have lower 

hardness. 

 The transition zone between the first layer and the base metal has a remarkable increase in the 

hardness. This increase in hardness is very noticeable at lowest energy input. This increase decreases 

with the increase of energy input. 
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Abstract 

Infrared thermography is a fast and illustrative nondestructive testing method, which is widely used for an 

inspection of metallic and non-metallic materials. Previously it was used mostly for defects indication. However, 

modern devices and software allow an application of a quantitative estimation of parameters of the defects. 

This contribution presents a novel infrared thermographic method for quantitative defect depth estimation. The 

majority of known thermographic techniques is based on a 1D heat transfer model and does not take into 

account 3D heat transfer. These methods are applicable only for large defects, which lateral size can be 

assumed as infinite. In contrast, the presented technique takes into account lateral dimension of defects and 

a finite thickness of a tested material. The method is based on a modification of the 1D analytical solution 

obtained by Almond et al. and a nonlinear optimization procedure. The algorithm was verified by numerical 

modelling and flash-pulse thermographic inspection experiments. Applicability of the method for the defect 

depth evaluation in the duraluminum parts was demonstrated. 

Keywords: Flash pulse thermography, defect depth, thermographic inspection, depth estimation 

1. INTRODUCTION 

Infrared (IR) thermography is widely used nondestructive inspection method for both metallic and non-metallic 

materials. The popularity of the IR thermography is growing in different industrial spheres such as aerospace, 

civil engineering, energetics [1,2]. High productivity of the inspection, illustrative data representation and non-

contact inspection make it a promising nondestructive testing method for manufacturing and exploitation of 

different materials [3]. 

Quantitative defect evaluation (determination of defect depth, lateral size, and thermal resistance) is the 

important procedure forwarded to the assessment of quality and lifetime of the inspected material and the 

necessity of repair works. 

Plenty of studies have been aimed to the thermographic defect depth characterization of large enough defects 

(when 1D heat transfer model is applicable) [4-6]. However, the depth estimation of defects with low size/depth 

aspect ratio is more complicated task. 3D heat diffusion processes should be taken into account in this case. 

The new defect depth estimation technique, which takes into account the defect size and shape, was presented 

by the authors in previous study [7]. This method is based on modified analytical model obtained by Almond 

et al [8] and nonlinear fitting procedures [9]. The presented method demonstrated good accuracy of defect 

depth estimation in plastic samples. However, it was not tested on the high conductive materials such as 

metals where the heat transfer process is much faster. Since this method is based on the analytical model of 

heating by Dirac heat pulse, the real finite pulse length affects the results and deform temperature evolution 

curves. This effect is more significant in high conductive materials. Another problem of this model is that it 
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assumes a semi-infinite body. It means it is appropriate for thick materials (when the thickness of the material 

is significantly higher than defect depth).  

This work is aimed to test the applicability of the presented method to estimate defect depth in steel 

components. The analytical equation was modified to take into account the depth of tested sample that allows 

to estimate defect depth in thinner components.  

2. THEORY 

Pulse thermography is based on heating of an observed surface by a short heat pulse and observing the 

temperature evolution of the cooling stage. The temperature of the non-defect area follows close to an 

analytical solution for the semi-infinite body after a Dirac pulse [10]: 

pG0, MJ = µ�
��6��� = µ�I√�� ,             (1) 

where T(0,t) is a temperature on the surface (x=0) at a time t after a Dirac heating pulse with an energy intensity 

Q0. ρ, C, k and em are density, specific heat capacity, thermal conductivity and thermal effusivity of the material, 

respectively. A region containing a delamination-like defect may be considered as a slab of thickness d. The 

impulse response of such a slab can be expressed as [11]: 

p]0, Ma = µ0IZ√�� �1 + 2 ∑ ¹U�bGç�J2=O∞Uª1 �              (2) 

The temperature contrast ΔT=Td-Tnd under the defect in semi-infinite body can be obtained by subtraction eq. 

1 from eq. 2: 

ΔTG0, tJ = )Æ�
"√#÷ $∑ RÅebG&'J�

()*Åª� +             (3) 

Then the temperature contrast under the defect of depth d in the slab of thickness L: 

ΔTG0, tJ = )Æ�
"√#÷ $∑ RÅebG&'J�

()*Åª� − ∑ 1ÅebG&,J�
()*Åª� +           (4) 

Rd and RL are thermal reflection coefficients of the defect and back surface respectively. 

The simplified model of temperature contrast evolution taking into account finite defect size was developed by 

Almond [8]: 

-pG0, MJ = )µ�I√�� $∑ ¹U�bGç�J�=O*Uª� + *1 − �b .�</Z=O/           (5) 

where D- is the diameter of the defect. It was demonstrated that the variation of thermal reflection coefficient 

R in eq. (5) allow to model growing front of temperature contrast under the defects of different shapes (flat 

bottom holes, discs and bubbles). 

Combining equations (4) and (5) we suggest to model temperature contrast under the defect of diameter D 

and depth d in slab with thickness L by following expression: 

-pGMJ = )µ�I√�� $∑ ¹U�bGç�J�=O*Uª� − ∑ 1U�bGç�J�=O*Uª� + *1 − �b .�</Z=O/         (6) 
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An optimization procedure allows finding optimal values of unknown parameters of equation (6) by fitting them 

to experimental data. The proposed procedure includes Matlab nonlinear fitting solver and it is represented as:  

min�,�,¦,Iå00 ,�1-pGMJ − -pGMJ1 ,             (7) 

where -pGMJ = p� − pU� is the experimental temperature contrast between the center of the defect and non-

defect area, -pGMJ - analytical temperature evolution (eq. 6). This method is described in detail in [7]. 

3. NUMERICAL MODEL AND EXPERIMENTAL SETUP 

The numerical modelling was provided to study the applicability of the analytical model to predict the 

temperature evolution affected by 3D heat diffusion and finite heat pulse in a high conductivity material. The 

modelling was performed by Comsol Multiphysics software. The numerical model represented 3D heat transfer 

process in a solid block with air flat bottom hole defect inside after heating of its front surface by a uniform heat 

flux. The depth d and diameter D of the defect and thickness L of the block varied from 1 to 3 mm, 1 to 10 mm 

and 1.2 to 10 mm respectively. The numerical model was described in detail in the work [7]. Thermal properties 

of the solid block were: density ρ=7800kg/m3, thermal conductivity k=54 W/(m·K) and heat capacity Cp=465 

J/(kg·K). Initial temperature was 293.15 K. Inward heat flux power density Q0=107 W/m2, time of heating 

th=0.007 s. 

Results of the numerical modelling represented temperature evolution on the surface of the block at the center 

of the defect (defect temperature) and in the corner of the block (non-defect temperature). 

The experimental study represented the flash-pulse thermography of the duralumin sample with artificial 

defects. The sample was 10 mm thick duralumin plate with 40 flat bottom hole (FBH) defects. Depth of the 

defects varied from 2 to 9 mm and their diameter was in the range from 2 to 10 mm. Heating was performed 

by a flash lamp (Hensel) with energy 6 kJ. Thermographic sequences were captured by an IR camera FLIR 

A6751 with framerate 100 Hz and resolution 640x512 pixels. The length of the captured sequences was 1500 

frames. 

    
a)                                                        b) 

Figure 1 The rear side of the duralumin sample (a) and experimental setup (b) 

4. RESULTS AND DISCUSSION 

Figure 2 presents examples of temperature contrast evolution ΔT obtained by numerical and analytical 

models. Temperature contrast ΔT curves (Figure 2) show better fit during the growing front of ΔT. The 

divergence grows with time and defect depth. The divergence is also higher in the case of simultaneous small 

diameter and thickness and deep defect (Figure 2 b). 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

484 

       

a)         b) 

Figure 2 Numerical and analytical solution of temperature contrast evolution:  a - temperature contrast ΔT 

(D=10, L=20), b - temperature contrast ΔT (D=3 L=5). 

Despite the divergence of the analytical and numerical temperature evolution, the nonlinear fitting algorithm 

demonstrated good results in depth prediction. The results of the defects depth prediction by NLF algorithm 

are presented in Table 1. 

Table 1 Depth estimation by NLF algorithm applied to the numerical modelling results. 

Defect depth d, 
mm 

Defect diameter D, 
mm 

Sample thickness L, 
mm 

Predicted depth dp, 
mm 

Relative error, % 

1 10 10 0.95 -5 

2 10 10 1.95 -2.5 

3 10 10 2.91 -3 

1 3 5 0.87 -13 

2 3 5 1.86 -7 

3 3 5 2.80 -6,67 

1 5 10 0.90 -10 

1 3 10 0.88 -12 

1 1 10 0.87 -13 

1 5 5 0.87 -13 

1 5 3 0.89 -11 

1 5 1.2 0.96 -4 

The relative error of the depth estimation varied from 2.5 to 13% which is a better result than other 

thermographic algorithms [12]. The accuracy of the depth estimation does not drop down with the increase of 

the depth of the defects and with the reduction of the diameter of the defects and the sample thickness. It 

means that the presented algorithm is applicable for the depth estimation of defects with various combinations 

of depth and diameter.  

Figure 3 demonstrates an example of a thermogram (a) and ΔT curves as measured and fitted by the 

presented algorithm. 
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a)                                                                                b)  

Figure 3 Example of the IR thermogram and ΔT curves, D=10 mm 

There were detected 9 defects of the depth 2-4 mm and diameter 4-10 mm in the thermogram (Figure 3 a). 

The experimental ΔT curves and the fitted curves obtained by NLF algorithm are presented in the (Figure 3 b). 

Table 2 demonstrates the results of depth estimation algorithm applied to the experimental data of the 

thermographic testing of the duralumin sample. 

Table 2 Experimental results 

Defect depth d, 
mm 

Defect diameter D, 
mm 

Sample thickness L, 
mm 

Predicted depth dp, 
mm 

Relative error, % 

2 10 10 1.94 -3 

3 10 10 2.41 -19.67 

4 10 10 3.75 -6.25 

2 8 10 1.61 -19.5 

3 8 10 2.46 -18 

4 8 10 3.46 -13.5 

2 6 10 1.45 -27.5 

3 6 10 1.76 -12 

2 4 10 1.48 -26 

A relative error of experimental defect depth measurement was from 3 to 27.5 %. The error may be caused by 

a high level of noise, weak temperature signal and fast thermal process in the high-conductive material.  

5. CONCLUSION 

New defect depth estimation algorithm based on nonlinear fitting and analytical model was presented in this 

study. In contrast to known methods, the presented algorithm takes into account finite lateral size of the defect 

and finite thickness of the sample. The effectivity of the algorithm was demonstrated by numerical modelling 

and flash-pulse thermographic inspection of duralumin sample with artificial defects. The relative error of the 

depth estimation was from 3 to 27.5 % in the defects depth range 2-4 mm, defects diameter range 4-10 mm 

and the sample thickness 10 mm. These results are promising for an application of infrared thermographic 
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measurement of such test objects. Application of more powerful heaters and faster infrared cameras has a 

potential to improve accuracy of the depth estimation by this method. 
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Abstract  

This paper investigates the influence of thermal spray parameters of the high-velocity oxygen fuel (HVOF) 

process on the properties of cermet coatings prepared from commercially available Amperit 551 WC-CrC-Ni 

powder. Three different processing parameters were applied to optimize the production process with the aim 

to achieve preeminent mechanical properties and fully dense material without microstructural defects. The 

deposition was carried out by a GLC5 gun. The velocity and temperature of powder particles in the spray 

stream were monitored by Accuraspray Tecnar diagnostic tool. The quality of deposited coatings was analyzed 

by means of light microscopy, scanning electron microscopy, and X-ray diffraction. The chemical composition 

of the used powder and sprayed WC-CrC-Ni coating was determined by energy dispersive spectroscopy. It 

was found that the spray parameters have a negligible effect on the resulting microstructure and phase 

composition of the coating. However, the porosity and surface roughness were significantly affected by the 

variation in process parameters. To assess the basic mechanical properties of HVOF sprayed coating 

instrumented Vickers hardness measurements were utilized. The coating hardness reached mean values over 

1400 HV 0.1 and the indentation modulus varied from 152-279 GPa. 

Keywords: HVOF, WC-CrC-Ni, microhardness  

1. INTRODUCTION 

High-velocity oxygen fuel (HVOF) is a thermal spray process based on the continuous combustion of oxygen 

with gas or liquid fuel. The thermal energy produced in the process causes an expansion of the gas mixture 

and leads to the creation of a hot supersonic gas stream which carries feedstock powder particles to the 

substrate surface. Feedstock powders are then deposited onto a substrate in a semi-molten condition or a fully 

solid state [1]. Deposition parameters play a crucial role in spray process. There are plenty of possible 

variations of parameters in the HVOF process, which affect the microstructure, surface roughness, porosity as 

well as the resulting mechanical properties. Some of them are connected with the design of a nozzle as fuel 

or oxygen flow, some of them are connected directly with the state of the spray stream, e.g., velocity and 

temperature of particles and there are also parameters connected with the substrate [2]. The most influential 

parameters are the velocity and temperature of the particles. Both can be measured with diagnostic tools such 

as Accuraspray Tecnar, Spraywatch, etc. [3]. Involvement of these tools has a great impact not only on the 

optimization of mechanical and tribological properties of coatings, but also on improving the quality of 

deposition by lowering the amount of microstructural defects: pores, cracks etc. 

Cermet materials are often categorized in the group of metal matrix composites. Due to their superior hardness, 

wear and corrosion resistance, and an also outstanding fracture toughness, cermets are commonly used for 
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contact surfaces of drilling machines and wear parts of measurement tools. Cermets are usually composed of 

two main constituents. The first one is matrix consisting of ductile elements (alloys) such as Co, Ni and Fe. 

The second one is a reinforcing phase consisting of hard and brittle components such as carbides, nitrides or 

carbonitrides [4,5]. The most commonly used cermets are based on WC reinforcing phase and Co matrix. 

Recent research has been focused on the replacement of Co by Ni. Additionally, Cr3C2 can be added to 

increase corrosion resistance [6,7]. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials and coating deposition  

The powder used for deposition was commercially available agglomerated and sintered (s&a) 73WC-20CrC-

7Ni powder Amperit 551.074 (15-45 µm) manufactured by Höganäs. The coatings were prepared by HVOF 

spraying using a GLC5 gun from GTV and installed on a six-axis IRB 2600 Robot. Three different conditions 

of spraying were used. In Table 1, these parameters are displayed also with the in-flight temperature and 

velocity of powder particles recorded at the moment of impact onto the substrate surface. For measuring 

velocity and temperature, the Accuraspray G3C system from Tecnar was utilized. Variations of these 

parameters were primarily in fuel flow (ethylene) and oxygen flow.  Austenitic steel AISI304 in a form of 

cylindrical coupons (Ø30 mm x 10 mm) was used as a substrate material. Before the deposition, austenitic 

steel coupons were grit blasted by Al2O3.  

Table 1 HVOF deposition parameters 

Coating designation Low parameters (LP) Medium parameters (MP) High parameters (HP) 

Ethylene (slpm) 48 96 96 

Oxygen (slpm) 96 126 250 

Spraying distance (mm) 200 200 200 

Particle velocity (m/s) 338 372 455 

Particle temperature (°C) 1810 1708 1814 

2.2. Characterization Methods  

Metallographically prepared cross-sections of coated coupons were observed by several methods including 

light microscopy (LM) Olympus DSX1000, scanning electron microscopy (SEM) - LYRA TESCAN 3 equipped 

with energy dispersive spectrometer (EDS) Oxford X-Max80. Coating thickness was measured from images 

acquired by LM. At least five SEM images were analysed by Olympus Stream software to determine the 

porosity of coatings. 

X-ray powder diffraction (XRPD) was used to analyse the phase composition of powder form and phase 

evolution in the coated layer. The coatings were measured on the surface area. The diffraction was measured 

in 2θ range of 30-80° with step size set to ~0.05°. Measurements were carried out in reflection mode using 
Bragg-Brentano beam geometry on X-ray powder diffractometer Empyrean (PanAnalytical) with Co Kα X-ray 

source 

Vickers microhardness HV 0.1, elastic indentation modulus (EIT) and indentation hardness (HIT) were 

measured on the metallographic sections using a universal testing machine Roell-Zwick (ZHU 0.2) at a load 

of 0.98 N and with 20 indentations per specimen. This load was used to prevent the coating from cracking.  

Moreover, HV 0.3 instrumented hardness measurement was performed on the coating with the lowest value 

of porosity to compare acquired values with the results of other scientific articles. For both microhardness 

tests, indentation moduli were evaluated from indentation curves using Oliver and Pharr method [8]. 
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Parameters of surface roughness of deposited cermet coatings were measured by confocal laser scanning 

microscope LEXT 4100 (CLSM). Measurements were done according to ČSN EN ISO 4288 standard [9].  

3. RESULTS AND DISCUSSION 

The microstructure and morphology of feedstock powder prepared by s&a process together with two different 

types of carbides are shown in (Figure 1). A high percentage of studied particles of feedstock powder were 

porous, not fully dense and had spherical shape. The presence of Cr3C2 phase occurred through individual 

powder particles. This phase is visible on the surface of feedstock powder particles (Figure 1d). On the other 

hand, WC phase creates the outer shell of feedstock powder where the Ni rich phase is mainly localized. Ni 

matrix surrounds carbides and binds them together. The Cr3C2 phase is usually larger in comparison to WC 

phase (see Figures 1 c, d) 

 

Figure 1 Microstructure and morphology of powders acquired on scanning electron microscope: a) single 

powder particle, b) cross-section of particle, c) wolfram carbide, d) chromium carbide 

Figure 2 shows microstructures of coatings deposited with all three deposition parameters. Differences 

between samples prepared by different parameters are recognizable. The highest value of total porosity was 

found in the case of medium parameters because higher particle velocity and the lowest temperature resulted 

in the creation of air pockets. The occurrence of globular porosity is practically negligible, see Table 2. On the 

other hand, a high degree of pull-outs, cracks, delamination and other defects can be observed in all coating 

except the coatings prepared by high parameters. The thickness of coatings varies in the range of 70 -122 µm. 

At the interface of substrate and coating Al2O3.particles are visible. It could be possible that these grit-blasting 

artefacts could adversely affect the properties of coating in working conditions.  
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Figure 2 Microstructure of coatings acquired on scanning electron microscope: a, b) LP c, d) MP e, f) HP 

Contrast areas in (W, Cr)2C carbides occurred, because of different amounts of Cr and W inhomogeneously 

distributed in grains, which is caused by metastable or unstable conditions within the spraying process.      

Table 2 displays values of total porosity which includes globular pores, cracks and pullouts. The obtained 

value of total porosity for the coating deposited with HP is lower than the value reported by Fang [10], for the 

optimal coating process indicating, that there is still room for improvement of the deposition process to obtain 

coatings with superior properties. Values of hardness and indentation modulus are increasing with the increase 

of deposition parameters more precisely with higher velocity.     

Table 2 Mechanical properties, porosity and roughness of deposited coatings 

Spray 
Parameters 

Hardness 
HV0.1 EIT (GPa) HIT (GPa) 

Globular 
porosity (%) 

Total 
porosity (%) Ra (µm) 

LP 1176  ± 150 152  ± 26 7.5  ± 1.8 0.26 ± 0.04 2.68 ± 0.73  8.8 ± 0.6  

MP 1319  ± 289 188  ± 27 9.8  ± 2.2 0.27 ± 0.03 15.43  ± 1.58 8.7 ± 0.4 

HP 1464  ± 264 279  ± 33 12.3  ± 2.9 0.18 ± 0.07 1.01  ±  0.28 7.1 ± 1.0 
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Hardness HV0.3 in the coating deposited with HP (the lowest total porosity) is 1358 ± 130, HIT value stays the 

same (12.4 ± 1.5 GPa), however EIT drops to (241 GPa). For the same applied force, Oechsle [6] acquired 

the hardness value of 1300 HV0.3. Berger in his work [11] stated even lower values 1126 HV0.3. The difference 

can be caused by the higher involvement of non-stoichiometric carbide (W, Cr)2C and a production of W2C 

due to decarburization as observed in XRD spectra (Figure 3). 

Table 2 also displays roughness parameters. It is important to notice that values of Ra decrease with higher 

deposition parameters. Nevertheless, these values are still approximately two times higher than reported by 

Jonda [12]. Higher roughness can negatively affect fatigue life and corrosion resistance of coatings.  

 

Figure 3 Diffraction patterns of feedstock powder and HVOF sprayed samples of WC-CrC-Ni deposited with 

different parameters 

Figure 3 present the XRD spectra of powder and coatings deposited with three deposition parameters. 

Different phases are observed in deposited coatings and in the feedstock powder. The process of spraying 

caused the formation of (W, Cr)2C and W2C phases. The intensity of the (W, Cr)2C increased with the increase 

in deposition parameters suggesting a higher volume fraction of this phase. Unlike to the feedstock powder 
spectrum, coatings spectra show that there is no occurrence of Ni rich phase. This might be caused by severe 

deformation of Ni rich phase during the HVOF process which could result in a formation of nanocrystalline or 

amorphous Ni rich phase.        

4. CONCLUSION 

Based on measured data and microstructural observations of HVOF sprayed WC-CrC-Ni coating, the following 

conclusions can be drawn. Decreasing the temperature of the particles in-flight only increases the probability 

of higher total porosity occurrence due to the creation of air pockets in splats within the process. Globular 

porosity values are negligible in comparison to total porosity values. Mechanical properties are strongly 

dependent on the oxygen flow and velocity of particles in the spray stream. The highest values of 

microhardness, indentation modulus and indentation hardness were obtained for the highest deposition 

parameters. XRD spectra show an increase in the intensity of (W, Cr)2C peak with the increase in deposition 

parameters suggesting a higher amount of this phase, which can be the origin of the preeminent hardness of 

this coating.         
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Abstract 

Superalloys are used in a wide range of applications in aviation, aerospace and nuclear energy industries. 

Inconel 718 is a nickel-based superalloy that provides remarkable mechanical properties and surface stability 

at elevated temperatures. The surface of Inconel 718 can be modified by several techniques to further improve 

its surface properties such as oxidation and wear resistance. Among several surface modification techniques, 

hot-dip aluminizing (HDA) is a highlighted one as an easy and cost-effective high temperature coating (HTC) 

technique that utilize diffusion mechanisms. In this study, effect of HDA and subsequent diffusion annealing 

(DA) on high temperature wear behavior of Inconel 718 superalloy was investigated. Inconel 718 samples 

were first hot-dip aluminized in a molten Al-12wt.%Si bath and subjected to diffusion annealing. Morphological 

and structural analyses were carried out by using SEM-EDS examinations and XRD analyses. Ball-on-disc 

wear tests of the bare, HDA and HDA+DA samples were conducted at room temperature, 300 °C and 600 °C. 

The results revealed that aluminum rich and nickel rich aluminide phases were formed after HDA and HDA+DA 

processes, respectively. Wear tests results showed that the wear rate of the HDA+DA sample was 

approximately three times lower than the HDA samples and four times lower than the bare Inconel 718 at room 

temperature. With increasing temperature, the wear rate of the bare alloy continuously decreased, while higher 

wear rates were observed for HDA+DA samples at elevated temperatures with respect to that of room 

temperature. Dominant wear mechanism was discussed based on the wear track morphology examined by 

SEM. 

Keywords: Inconel 718, superalloy, hot-dip aluminizing, diffusion annealing, wear 

1. INTRODUCTION 

Superalloys are the materials that have capability to sustain its performance with mechanical durability, surface 

stability against aggressive environment at high temperatures. Especially, nickel-based superalloys have been 

developed to respond increasing demands for use in the field of aviation and aerospace industries [1]. Inconel 

718 is a type of nickel-based superalloy that can be strengthened by the solid solution strengthening and 

precipitation hardening mechanisms [2]. However, dissolution of coherent γ’’-(Ni3Nb) to detrimental phases 

decreases mechanical strength above 650 °C [3]. Moreover, protective Cr2O3 layer becomes volatile above 

1000 °C [4]. Nevertheless, surface coating technologies offer some solutions against these issues [5]. In the 

open literature, numerous high temperature coatings (HTC) were studied to satisfy the requirements of 

different environmental circumstances [6-9]. Additionally, many techniques based on diffusion mechanism 

(e.g. pack cementation process, chemical vapor deposition and slurry application) have been applied to 

superalloys throughout the last few decades [10-13]. Hot-dip aluminizing (HDA) has stood out concerning 

applicability and cost. Binary phase diagram of nickel and aluminum was given in (Figure 1). In case of hot-

dip coating, outward diffusion of nickel and inward diffusion of aluminum lead to the formation of durable nickel-

aluminide phases triggered by sufficient time and temperature factors [14]. 
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In particular, dip coating technologies have been studied 

to investigate formation of nickel-aluminides on nickel-

based superalloys and their effects on surface 

properties [15-17]. Yet, there are still several reasons to 

investigate high temperature tribological behavior of hot-

dip aluminizing coatings on nickel-based superalloys 

that need to be fully clarified. 

The aim of this study is to investigate high temperature 

wear behavior of hot-dip aluminized nickel-based 

superalloy and the role of the diffusion annealing as a 

post-process. 

2. EXPERIMENTAL PROCEDURES 

Inconel 718 rod was cut to the samples that have 15 mm 

diameter and 8 mm thickness using a water-cooled abrasive cut-off wheel. Cylindrical samples were abraded 

to 400 grit SiC papers to obtain adequate surface roughness for a better adhesion. For dipping, 2 mm diameter 

stainless steel wire was wrapped around the cylindrical samples. Afterwards, the samples were ultrasonically 

cleaned with the mixture of 5 vol.% HCl and water for 2 minutes, dried with ethanol and washed with water. A 

MF-1000 electrical furnace was used to melt the aluminum alloy ingots. Molten bath was prepared by using 

commercial aluminum-silicon eutectic alloy. Prior to melting the ingots, 1 cm3 mixture of KCl and NaCl of fluxes 

was added into the crucible to remove the slag. Inconel 718 samples were then subjected to hot-dipping 

process (HDA) in Al-12Si (wt.%) bath at 700 °C for 2 minutes. Following HDA, the samples were cooled to 

room temperature in air. Diffusion annealing (DA) process was applied at 700 °C for 10 hours in an atmospheric 

furnace, and the samples were then furnace cooled to the room temperature. Microstructural images were 

obtained by Philips XL30 SFEG scanning electron microscope (SEM) equipped with Energy-dispersive X-ray 

spectrometer (EDS) for mapping, linescan, frame and point analyses for HDA and HDA+DA samples. A Hitachi 

TM1000 model SEM was used to analyze the wear tracks. X-ray diffraction (XRD) analyses were performed 

with GBC MMA 027 model device using CuKα radiation. A Ball-on disc tribometer (CSM-High Temperature) 

was used to conduct the wear tests with the parameters given in Table 1. A 2-D stylus type surface profilometer 

(Veeco Dektak 6M) was used to measure the width, the depth and the area of the wear tracks. 

Table 1 Wear Test Parameters 

Parameters  Values 

Linear velocity, mm/s 50 

Total Sliding Distance (m) 100 

Load (N) 2 

Temperature (C) 25, 300, 600 

Counter-Face 6 mm alumina ball 

Radius of Wear Track 3 mm 

3. RESULTS AND DISCUSSIONS 

3.1. Characterization of Coating 

Cross-sectional SEM images and EDS mapping analyses of HDA and HDA+DA samples were shown in 

Figure 2. Thickness of the outer, middle and inter-diffusion zone were approximately measured as 20-25 μm, 

20-25 μm and 8-10 μm respectively for HDA samples. No discontinuity such as crack or delamination was 

Figure 1 Nickel-Aluminum Binary Phase 

Diagram 
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observed between the substrate and the coating indicating that the coating was well adhered to the substrate. 

Various layers from the substrate to the top of the coating in HDA+DA sample was observed. Thickness of the 

coating was measured approximately 200 μm for HDA+DA sample. Porosities, cavities and voids were not 

observed in the areas close to inter-diffusion zone after the diffusion annealing process. 

 
Figure 2 SEM images and EDS mapping analysis of a) HDA and b) HDA+DA samples 

For HDA samples, EDS results showed that content of Al is nominally decreasing from the top of the coating 

to the substrate. Aluminum was mostly detected in the outer layer, with some signals of Si and Cr. Ni and Fe 

were not appeared in the outer and middle layer, while minor contents of Ni and Fe were detected close to the 

interdiffusion zone. It can be attributed to intense signals of Ni and Fe coming from the substrate, which were 

much compared to their contents in the coating. For HDA+DA samples, Al was appeared in all regions of the 

coating. Signals from Si and Cr were more marked at the outer layer, while Ni and Fe have a homogeneous 

distribution through the coating layer except in the outer layer. Inward diffusion of Al and outward diffusion of 

Ni was proven with EDS analysis. XRD 

patterns of HDA and HDA+DA 

samples were shown in (Figure 3). For 

HDA samples, excess aluminum layer 

was detected in addition to Al rich 

nickel-aluminide phases (e.g. NiAl3, 

Ni2Al3. It has been shown that the 

diffusion annealing led to the formation 

of intense nickel rich nickel-aluminide 

phases such as Ni-rich NiAl and Ni3Al 

as compared to HDA sample XRD 

pattern. Additionally, outward diffusion 

of Cr and Si elements led to the 

formation of Cr3Si phases that is 

supported by EDS analyses.  

Figure 3 X-ray diffraction patterns of a) HDA and b) HDA+DA 

samples 
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3.2. High temperature wear behavior 

2-D cross sectional profiles of the wear tracks for the samples tested at 25 °C, 300 °C and 600 °C were given 

in (Figure 4). Similar wear track dimensions were measured for the bare and HDA samples at 25C, while 

HDA+DA sample has a significantly smaller wear track at this temperature. The width and the depth of the 

wear track for HDA sample was significantly increased at 300C. As the test temperature increased, the wear 

track dimensions of the bare Inconel 718 alloy contiuously reduced, having the lowest dimensions among all 

the samples investigated. For HDA+DA sample, on the other hand, the depth of the wear track was 

approximately the same, while its width was incraesed with increasing temperature. 

 

Figure 4 2-D surface profiles showing the dimensions of the war tracks at a) 25 °C, b) 300 °C and c) 600 °C 

wear tests for bare Inconel 718, HDA and HDA+DA samples 

Wear rates of samples were given in (Figure 5). The 

wear rates of samples were calculated by Eq. (1). 

��¨| ¹¨M� = �.)��T.-                (1) 

Where: 

A - Wear track area (mm2) 

r - Radius of wear track (mm) 

F - Applied load (N) 

x - Sliding distance (m) 

HDA+DA sample has the lowest wear rate at room 

temperature, when compared to bare Inconel 718 

and HDA samples. The highest wear rate was 

obtained in HDA sample tested at 300 °C due to 

excess aluminum layer at the surface. The lowest 

wear rate was exhibited by bare Inconel 718 tested 

at 600 °C. It is clear that the bare substrates outperformed HDA+DA samples and their wear rate decrease as 

the test temperature increases. 

The variation of the friction coefficient (CoF) with sliding distance for the samples tested at different 

temperatures were given in (Figure 6). For the wear tests at 25 °C, CoF of the bare Inconel 718 showed a 

fluctuation during the whole period of the wear tests. It is attributed to successive formation and removal of the 

oxide layer due to the heat generated by friction [18]. HDA sample exhibited a lower and smoother friction 

coefficient variation possibly due to the excess aluminum layer at the surface. Friction coefficient of HDA+DA 

sample was in between those of the bare Inconel 718 and HDA sample. For the wear tests conducted at 

300 °C, the bare alloy exhibited a continuously decreasing CoF values from the beginning of the test up to 40 

Figure 5 Wear rates of bare, HDA and HDA+DA 

samples 
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m where it reached a steady state value of approximately 1.2, while HDA sample showed a decreasing terend 

with significant fluctuations in the friction coefficient. It should be noted that the variation of CoF in HDA+DA 

sample was stable during the whole test period at both 300 °C and 600 °C. Also average CoF of HDA+DA 

sample was approximately 1.15 and 0.9 for 300 °C and 600 °C, respectively. It suggests that the Si-and Cr-

rich outer layer of this sample in addition to nickel based aluminides might act as a lubricating layer during 

sliding at higher temperatures. As a result, during the wear tests at 600 °C, the bare Inconel 718 and HDA+DA 

samples showed almost the same CoF values (0.9) after an initial 20 m of the sliding distance, which are the 

lowest values for the investigated samples. This is attributed to easy formation of oxides on the surface of the 

bare Inconel 718 alloy at 600 °C, which then act as a lubricant at the surface to reduce friction coefficient [19]. 

Strong atomic bonds of Si-and Cr-rich phases provide wear resistance and are used as hardening agents 

despite high temperature [20]. Similarly, the lowest CoF of HDA+DA can be associated with Cr and Si phases 

existed in the outer layer.  

 

Figure 6 Variation of the coefficient of friction with the sliding distance at various temperature a) 25 °C,        

b) 300 °C and c) 600 °C. 

SEM images of the wear tracks were shown in (Figure 7). The wear track of the bare Inconel 718 tested at 

25 °C has a uniform appearance with wear scars along the wear path, and intense oxide scale formations in 

the form of patches (dark areas in Figure 7a). Continiuous oxide scales in the form a narrow band in the wear 

track were also detected at 600 C (Figure 7b). 

 

Figure 7 SEM images of the wear tracks a) Inconel 718 at 25 °C, b) Inconel 718 at 600 °C,                            

c) HDA+DA at 25 °C, d) HDA+DA at 600 °C. 

In the wear track of HDA+DA sample tested at 25 C, oxide formation was evident along the edges of the wear 

track, and hence they were not uniformly distributed in contrast to the bare Inconel 718. Some fine grooves 

were also evident (Figure 7c) along the wear path. Micro-grooves formation appeared in HDA+DA worn 

surface (Figure 7d) due to brittle and hard Cr3Si phases. The wear track of HDA+DA sample tested at 600 C 

has a more uniform appearance than 25 C with less oxide scales in the wear track. These observations 

suggest that abrasive wear and oxidative wear are the dominant wear mechanisms for the bare Inconel 718 

at 25 C and 600 C, respectively, and abrasive wear is the dominant mechanism for HDA+DA sample at both 

temperatures.  
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4. CONCLUSIONS 

Conclusions of the present study could be outlined as in the followings. 

 Strongly adherent and fully dense nickel-aluminide coating layer was obtained on the surface of Inconel 

718 superalloy by hot-dip aluminizing. 

 Diffusion annealing increased the intensity of Ni-rich phases in the coating layer. 

 Diffusion annealing following HDA significantly reduced the wear rate of both HDA sample and the bare 
Inconel 718 alloy at room temperature. 

 Bare Inconel 718 was more resistant to wear than HDA+DA sample at 600 C. 

 HDA+DA process slightly reduced friction coefficient of the bare Inconel 718 up to 300 C. However, 

this is not observed at 600 C because both samples have the same CoF values at this temperature, 

which are the lowest for the present investigation. 
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Abstract  

Plasma electrolytic oxidation (PEO) coatings with and without calcium phosphate (CaP) were prepared on 

AZ31 magnesium alloy including the CaP coating on AZ31 alloy. The microstructure of all coatings was 

characterized using an electron scanning microscope with energy dispersive spectroscopy (SEM/EDS). The 

PEO coating revealed the presence of many pores and microcracks on its surface. The deposition of CaP on 

the PEO layer led to the cover of these microstructural defects. Potentiodynamic polarization in 0.15 M NaCl 

medium showed that CaP/PEO, CaP and PEO coatings led to the improvement in the corrosion resistance 

when compared to bare AZ31 alloy. However, the corrosion resistance of CaP/PEO duplex coating was lower 

than PEO coating even though the CaP crystals covered the pores and microstructural defects. 

Keywords: Plasma electrolytic oxidation, AZ31 alloy, calcium phosphate, coating, corrosion 

1. INTRODUCTION 

In the last few decades, magnesium-based materials have gained much attention as bioabsorbable metal 

implants due to their good mechanical properties, biocompatibility and biodegradability in physiological 

environments [1-4]. The use of Mg materials in-vivo is limited mainly by their high reactivity and associated low 

corrosion resistance. Under physiological conditions corrosion is facilitated especially in the presence of 

chlorides, which are contained in the body around 100 mmol·l-1, [1,5]. Although the resulting corrosion products 

of Mg are non-toxic, the side effects of degradation, i.e. the development of large amounts of hydrogen gas 

and surface alkalization are of concern. The hydrogen accumulated around the implant can cause cracks in 

the bone tissue and the alkalization of the body fluid can lead to tissue necrosis [1-5]. 

Plasma electrolytic oxidation (PEO) is a process based on conventional anodic oxidation, from which it differs 

in deposition conditions and the electrolyte used. This technology is used to deposit coatings mainly on 

magnesium alloys [6-7]. The principal of the method is the generation of microplasma discharges by the 

passage of an electric current at the metal/electrolyte interface. Depending on the deposition conditions, the 

PEO layer reach a thickness of 5-100 μm and their porosity varies from 5 to 50 %. The PEO coating improves 

the short-term corrosion resistance of magnesium materials. However, due to the porous structure, the 

corrosive environment can easily penetrate the pores to the magnesium substrate. However, PEO coating 

appears to be a suitable intermediate layer for the application of other biodegradable coatings such as calcium 

phosphate (CaP) coatings, or other composite coatings [6-8]. 

A suitable candidate for improving corrosion properties is the application of a coating based on calcium 

phosphates and hydroxyapatite by hydrothermal treatment. Hydrothermally prepared CaP coatings on Mg 
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materials have shown increased corrosion resistance in corrosive environments where their deposition can 

better control the rate of Mg degradation [9-10]. 

In this study, the corrosion resistance and surface morphology were evaluated for PEO coating on AZ31 alloy 

and for CaP and CaP/PEO coatings prepared by hydrothermal treatment on AZ31 alloy.  The main goal of this 

work was to determine whether the CaP coating can effectively seal the pores and microcracks of the PEO 

coating on AZ31. 

2. EXPERIMENTAL 

The elemental composition of the AZ31 alloy is identical to that reported in the previous paper [11]. Original 

sheet plate was cut into smaller samples with dimensions of approx. 20 mm  20 mm  5 mm. The surface of 

these samples was mechanically ground using SiC grinding papers with a final step using 1200 grinding paper. 

The ground samples were rinsed with water, isopropyl alcohol, and finally air-dried. 

PEO coating was prepared in a phosphate-based electrolyte containing 12 g·l-1 Na3PO4·12H2O and 1 g·l-1 

KOH dissolved in deionized water according to the previous study [6]. The pH value of the electrolyte bath was 

adjusted to 12.5 ± 0.3 and the current density of 0.05 A·cm-2 was applied to the magnesium sample. The 

deposition time was set to 10 minutes. 

CaP coatings were fabricated on the AZ31 alloy with and without PEO coating via hydrothermal treatment. 

Firstly, solution A was prepared by dissolving Ca(NO3)2·4H2O (0.15 mol·l-1) in 175 ml of distilled water. Then, 

125 ml of solution B containing 0.14 mol·l-1 of NH4H2PO4·H2O was dropwise added into the vigorously stirred 

the solution A at room temperature to form solution C. The pH value of solution C was set to 5 by NaOH 

solution. Magnesium alloy samples or PEO-coated magnesium samples were hung on a special holder coated 

with Teflon tape and together with 150 ml of solution C were transferred into a 250 ml Teflon-lined SS pressure 

vessel. The pressure vessel was placed in the Memmert UF55 electric oven heated to 120 °C for 150 minutes. 

Then the pressure vessel was cooled down to room temperature. Treated samples were rinsed with water, 

isopropyl alcohol, and air-dried. 

Zeiss EVO LS-10 scanning electron microscope (SEM) was used to characterize the surface morphology of 

all studied samples before and after corrosion. Electrochemical measurements were performed using the Bio-

Logic VSP-300 potentiostat/galvanostat (BioLogic, Seyssinet-Pariset, France) in 0.15 mol·l-1 NaCl solution at 

room temperature. A three-electrode system with saturated calomel electrode (reference electrode), platinum 

mesh (counter electrode), and measured samples with an exposed area of 1 cm2 (working electrode) was 

used. The measured potential ranged from −200 mV to +500 mV vs. open circuit potential (OCP). The scan 

rate was set to 1 mV·s-1. The OCP (stabilization time) was determined to be 60 minutes. Values of corrosion 

potential Ecorr and corrosion current density icorr were determined by the Tafel analysis using Biologic EC-Lab® 

software. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the surface morphologies of ground AZ31 alloy, CaP coating on AZ31 alloy, PEO coating on 

AZ31 alloy, and CaP/PEO duplex coating on AZ31 alloy. In the case of the magnesium alloy (Figure 1a), 

grinding grooves were observed on the surface. 

Figure 1b clearly shows that the hydrothermal synthesis resulted in the formation of the CaP coating with 

coarse crystals on the ground AZ31 alloy. The deposition completely covered the surface of the alloy. From 

(Figure 1b and the detail of Figure 1b) it is evident that the hydrothermally prepared coating was not compact 

and the resulting calcium phosphate crystals formed clusters of needle and plate-like formations with pores 

present between them.  
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The PEO coating on the AZ31 alloy exhibited a smooth appearance surface with open pores and micropores 

with microcracks around these pores along the radial directions (Figure 1c) [6]. Cracks observed on the 

surface were formed due to the rapid solidification of molten MgO during the fabrication [10]. The size of the 

pores and other structural defects is strongly dependent on the coating preparation parameters, such as the 

applied current density [6].  

The deposition of CaP coatings on PEO coatings again resulted in a complete overlay of the surface and the 

formation of needle and plate-like clusters (Figure 1d). Figure 1b and Figure 1d showed a different surface 

morphology. Compared to CaP-coated AZ31 alloy, a different morphology of CaP crystals was observed in 

the case of CaP/PEO duplex coating (details in Figures 1b and 1d). In the case of the CaP/PEO duplex 

coating, the growth of CaP crystals occurred on the previously deposited PEO coating consisting mainly of 

MgO, Mg(OH)2, and Mg3(PO4)2 phases, whereas the growth of CaP crystals was occurring directly on the Mg 

alloy in the case of CaP-coated AZ31. 

  

  

Figure 1 Surface morphology of a) ground AZ31 alloy, b) CaP-coated AZ31 alloy, c) PEO-coated alloy, d) 

CaP/PEO duplex coating on AZ31 alloy 

The potentiodynamic polarization curves of all samples are shown in (Figure 2). The corresponding 

electrochemical parameters including corrosion potential Ecorr, pitting potential Ept and corrosion current density 

icorr are shown in Table 1.  

The deposition of CaP, PEO, or CaP/PEO duplex coating resulted in a decrease in corrosion current density 

and a shift of Ecorr to more negative values compared to bare AZ31 Mg alloy. The lowest corrosion current 

density was achieved for the PEO coating on AZ31 alloy. The measured icorr value was three orders of 

magnitude lower than that of AZ31 alloy Table 1. Unfortunately, the deposition of the CaP coating on the 

PEO/AZ31 alloy did not improve the corrosion resistance of the PEO coating, although the PEO coating was 
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covered with CaP crystals. The penetration of the corrosive media apparently occurred through the present 

pores between the clusters of calcium phosphate crystals (CaP coating) and through the open pores and 

cracks in the PEO coating to the surface of the AZ31 alloy [9,10,12]. 

However, CaP/PEO duplex coating on AZ31 alloy had the best value of corrosion potentials unlike other 

coatings. This indicates a lower tendency to corrode from a thermodynamic point of view. The anodic branches 

of the polarization curves contain a sharp break inducing pitting corrosion [13]. Unlike other samples, CaP/PEO 

duplex coating on AZ31 alloy did not show a sharp break and its pitting potential value Ept was the highest. 

The occurrence of pitting corrosion was observed on the surface of the all samples after measuring the 

potentiodynamic polarization (Figures 3a-d).  

Figure 3a shows extensive areas of corrosion attack including pitting corrosion on the surface of AZ31 alloy. 

The large localized areas of corrosion occurred on the surface of the CaP/AZ31 alloy (Figure 3b). In the case 

of PEO coatings, the corrosion attack was limited to small pits on the surface (Figure 3c). 

As shown in (Figure 3d) the corrosion was similar to the PEO-coated AZ31; the pitting occurred between CaP 

crystals. Probably, the corrosion medium pass between the CaP crystals onto the PEO coating, and further to 

the Mg substrate through the pores present in the PEO coating. The decrease in corrosion resistance may 

probably be due to the fact that the PEO coating, consisting mainly of MgO, Mg(OH)2 and Mg3(PO4)2 phases, 

have been partially attacked by ammonium ions during the hydrothermal synthesis of the CaP coating. 

According to Cao et al. [14], ammonium NH4+ ions in the hydrothermal solution may penetrate into the MgO 

and Mg(OH)2 phases in PEO coating and dissolve them, according to the Equation (1). As a result, the porosity 

of the PEO coating increases. 

  32
2

42 222 NHOHMgNHOHMg              (1) 

 

Figure 2 Potentiodynamic polarization curves of measured samples 

Table 1 Electrochemical parameters of polarization curves 

Sample Ecorr (V) Ept (V) icorr (µA·cm-2) 

AZ31 alloy -1.45 -1.36 7.29 

CaP coating on AZ31 alloy -1.56 -1.37 0.23 

PEO coating on AZ31 alloy -1.56 -1.38 0.03 

CaP/PEO duplex coating on AZ31 alloy -1.50 -1.33 0.26 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

504 

  

  

Figure 3 Surface morphology of exposed samples to corrosion media a) ground AZ31 magnesium alloy, b) 

CaP-coated AZ31 magnesium alloy, c) PEO-coated magnesium alloy, d) CaP/PEO duplex coating on AZ31 

alloy 

4. CONCLUSION 

In this study the deposition of CaP, PEO and CaP/PEO coatings on the surface of AZ31 alloy was carried out 

to improve the corrosion resistance. 

The surface morphology showed that the coarse CaP crystals evenly covered the surface of the AZ31 alloy. 

Plasma electrolytic oxidation resulted in a smooth surface coating with open pores and micropores and other 

structural defects. Subsequent application of CaP on the surface of PEO coating by hydrothermal synthesis 

resulted in the complete overlay of original PEO coating by CaP crystals with needle and plate-like clusters 

The results of potentiodynamic measurements showed that the application of CaP, PEO and CaP/PEO 

coatings resulted in a significant improvement in corrosion resistance compared to AZ31 alloy. The best 

corrosion resistance was achieved for PEO coating on AZ31 alloy, even though pores and microcracks were 

present in the microstructure of the PEO coating. Contrary to expectations, the CaP coating did not improve 

the corrosion resistance of the PEO coating, although the CaP coating evenly sealed pores and microcracks. 

The reduction in corrosion resistance can be attributed to the fact that the PEO coating was partially attacked 

by ammonium ions during the hydrothermal synthesis of the CaP coating and, as a result, there was a partial 

dissolving of the PEO coating.  
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Abstract 

This paper present the issue of plasma treatment of the surface of polypropylene (PP) using AgO+CuO 

coatings in order to antimicrobial activity. The analyzed coatings were deposited using High Power Impulse 

Magnetron Sputtering (HPIMS). This method is characterized by high power density, high ionization and high 

plasma density, which enables the production of high-quality multi-component coatings. All 

CuO+AgO coatings, formed on the polypropylene (PP) surface by MS-PVD magnetron sputtering with various 

parameters, were tested in terms of morphology, chemical composition, mechanical properties and 

antibacterial properties. The conducted analysis showed a significant influence of the chemical composition 

on the structure, density and mechanical properties of the obtained coatings. The analysis of the continuity of 

structure different CuO+AgO coatings showed that its depending on chemical composition. Furthermore, 

different growth mechanism of the coatings are observed. It was also found that plasma treatment of 

polypropylene (PP) with CuO+AgO layers allows to provide good antimicrobial properties.  

Keywords: Polypropylene, plasma treatment, silver and copper oxides, antibacterial properties 

1. INTRODUCTION 

Polymer materials are one of the key materials in many areas of industry, which is widely used in the production 

of various types of elements such as filters, construction elements or packaging [1-2]. The increasing use of 

polymeric materials in industry is related to their low production cost, easy of processing and good mechanical 

properties. At the same time, polymeric materials are non-toxic and completely chemically inactive [3-4], which 

makes them exposed to the growth of various types of microorganisms on their surfaces. Polymers mainly 

used in the medical, pharmaceutical, food or filtration industries are exposed to this unfavorable 

phenomenon.Therefore, in order to give polymeric materials bactericidal properties, more and more often the 

possibility of modifying their surface is sought, which will contribute to a significant increase in their usefulness. 

The conducted analysis of the state of knowledge [5-6] showed, that the bactericidal properties of polymeric 

materials can be shaped either at the stage of polymer composition or by surface modification. Modification of 

the polymeric material at the stage of its production requires the addition of significant changes to the 

production process, which is usually unfavorable from an economic point of view. On the other hand, surface 

modification, due to the possibility of imparting functional properties to a wide range of polymer products 

already available on the market, seems rational and economically viable. 

Magnetron surface engineering techniques can be used to modify the surface of polymers. The wide 

possibilities of these techniques have already been confirmed in the processes of shaping the functional 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

507 

properties of elements used in various industries, such as: biomedicine, electronics, textiles or optics. Due to 

the very large possibilities of magnetron surface engineering in terms of shaping the chemical composition of 

coatings, their microstructure and thickness, it is possible to produce coatings with different functional 

properties [7-8], also biocidal and bactericidal properties [9-10]. Such wide possibilities in shaping the 

functional properties of surfaces, the magnetron technologies depositon of thin coatings a promising method 

of shaping the properties of polymeric materials was made. This paper present the issue of plasma treatment 

of the surface of polypropylene using AgO+CuO coating in order to antimicrobial activity. The analyzed 

coatings were deposited using High Power Impulse Magnetron Sputtering (HPIMS). All CuO+AgO 

multi-component coatings were tested in terms of morphology, chemical composition, mechanical properties 

and antibacterial properties. 

2. EXPERIMENT 

2.1. Preparation of coatings 

The High Power Impulse Magnetron Sputtering (HPIMS) method was used for the deposition of CuO + AgO 

coatings. For the implementation of technological processes, the Standard 3 device designed and built in the 

Łukasiewicz Research Network - Institute of Sustainable Technologies (Łukasiewicz - ITeE) was used. This 

device has been modified to create a common deposition zone from two simultaneously operating magnetrons. 

It was equipped with two circular flat magnetrons produced by Lesker company located on one wall of the 

chamber. The magnetrons used are equipped with targets with a diameter of Ø = 4.00 "(101.6 mm) on a copper 

backing plate. All AgO+CuO multicomponent coatings were deposited on the silicone (Si) and polypropylene 

(PP) surface. Process parameters of deposition the coatings are shown in Table 1. 

Table 1 Technological parameters of deposition process of multicomponent AgO + CuO coatings on the silicon  

             and polypropylene surface 

Target Ag Target Cu Pressure 

p [mbar] 
Working atmosphere 

Time 

t [min] PM-Ag [W] PM-Cu [W] 

200 200 5x10-3 90%Ar 10%O2 60 

200 100 5x10-3 90%Ar 10%O2 60 

200 50 5x10-3 90%Ar 10%O2 60 

100 200 5x10-3 90%Ar 10%O2 60 

50 200 5x10-3 90%Ar 10%O2 60 

2.2. Coatings characterization 

The microstructure and surface morphology of the coatings were characterized with the use of SU-70 Hitach 

electron microscope. The microstructure observations were carried out on a properly prepared sample in the 

form of brittle fracture. The mechanical properties of the coatings, such as hardness and Young’s modulus, 

were investigated using the Anton Paar nanoindenter equipped with a Berkovich diamond indenter tip. The 

indenter was operated in the continuous stiffness mode with a maximum load of 500 mN. The applied load is 

3 mN. The wettability of the samples was studied using equipment produced by Łukasiewicz - ITeE in Radom. 

An average value of the contact angle between the sample surfaces and a minimum of two drops was 

measured using the sessile drop method. The static contact angle was obtained analyzing the captured images 

using the Tangent Method 1 algorithm [11]. The wettability of the surface with a polar (H2O) and non-polar 

(diiodomethane) solvent was analyzed. The microbiological resistance of the produced coatings was tested 

using the static contact method [11], and the antimicrobial effectiveness was defined as the percentage of 

reduction in the viability of microorganisms in relation to the control samples. 
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3. RESULTS 

3.1. Chemical composition and microstructure studies 

Figure 1 shows the results of microstructure tests of the deposited AgO+CuO coatings. The conducted 

observations of brittle fractures showed differences in the microstructure between the coatings. Coatings 

deposited at the magnetron power of Cu target PM-Cu=200 W and lower magnetron power values of the Ag 

targets, i.e. PM-Ag=100 W and 50 W are characteristic by a nanocrystalline columnar structure with a small 

proportion of spherical grains (Figures 1b,c). On the other hand for the coating deposited at the maximum 

magnetron power of Ag target, i.e. PM-Ag=200 W and lower magnetron power of Cu target, i.e. PM-Cu=100 W 

and 50 W the columnar or fibrous structure with fine spherical crystallites on the entire fracture surface is visible 

(Figures 1d,e). The thickness of the columns was about 50 nm while the diameter of the spherical particles 

was below 10 nm. The observed differences are related to the different growth mechanism of AgO and CuO 

coatings, already observed in the earlier works [12,13]. The analysis of the continuity of CuO+AgO coatings 

on the polymer surface showed, that depending on the type of the sputtering element (Ag or Cu), there are 

different growth mechanisms of the coating. It depends mainly on the surface diffusion rate of atoms on the 

substrate. Authors have shown, that CuO monolayers are characterized by a column microstructure typical for 

PVD coatings, which proves the layer-by-layer growth mechanism. On the other hand, the microstructure of 

AgO coatings consists mainly of spherical crystallites, which indicates an island growth mechanism. Therefore, 

the conducted research shows that the microstructure of multicomponent AgO+CuO coatings is the result of 

the microstructures characteristic of one-component coatings. Depending on the percentage of AgO or CuO 

in the coating, a different microstructure is observed. 

 

Figure 1 SEM images for CuO+AgO coatings prepared with different magnetron power PM-Cu and PM-Ag: 

a) PM-Cu=200W, PM-Ag=200W, b) PM-Cu=200W, PM-Ag=100W c) PM-Cu=200W, PM-Ag=50W, 

d) PM-Cu=100W, PM-Ag=200W, e) PM-Cu=50W, PM-Ag=200W 

The chemical composition of the obtained coatings was also analyzed by means of energy-resolving EDS 

X-ray spectroscopy. Figure 2 shows the chemical composition of complex coatings. Our research indicatet 

that the degcreasing of magnetron power can result in decrease of concentrations element in the coating. In 

the case of coatings produced with the same magnetron powers (PM-Cu=200 W, PM-Ag=200 W), the lower 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

509 

content of copper compared to the silver in the AgO+CuO coating indicates a lower sputtering rate of this 

element. 

 

Figure 2 Chemical composition analyses of CuO+AgO coatings prepared with different  

magnetron power 

The analysis of the chemical composition of CuO+AgO coatings showed that the microstructure among others 

depends on the content of CuO and AgO oxides in structure. With the increase in the percentage of CuO in 

the coating, mainly a nanocrystalline columnar structure characteristic for PVD coatings was observed. On the 

other hand, in the case of coatings with increased AgO concentrations, a structure which mainly consists of 

spherical crystallites was observed 

3.2. Mechanical properties studies 

The results of the mechanical properties research are presented in (Figure 3). They showed that the doping 

of CuO coatings with HCuO=2,6 GPa with AgO silver oxide, which is characterized by a lower hardness 

(HAgO=1,4 GPa), did not significantly reduce the hardness of the composite CuO+AgO coatings. At the same 

time, it was observed that multicomponent CuO + AgO coatings characterized by a higher Young's modulus 

compared to CuO monolayers (ECuO=77 GPa). This indicates an improvement in the plastic deformation 

resistance of composite shells. This is an important feature in the context of using the coating to modify flexible 

polymeric materials.  

a) b)  

Figure 3 Results of measurements of the mechanical properties of CuO + AgO coatings: a) hardness tests, 

b) Young's modulus tests 

3.3. Wettability studies 

The obtained results of the wettability analysys (Figure 4) showed that all tested coatings characterized by a 

wetting angle in relation to the polar liquid (H2O) higher than pure polymer up to 105º in some cases. The non-

polar liquid wettability analysis (DJM) showed a decrease in the wetting angle compared to the pure polymer. 
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Figure 4 Results of measurements of wettability of thin CuO + AgO coatings obtained on a polymer 

substrate 

3.4. Bactericidal properties studies 

The obtained results of bactericidal properties tests (Figure 5) confirmed the high antibacterial effectiveness 

of the AgO-CuO coatings against both Gram negative (Escherichia coli) and Gram positive (Staphylococcus 

aureus) bacteria. Metal oxide compounds (Ag and Cu) included in the coating contributed to a complete 

reduction in the viability of microorganisms compared to the sample made of pure polypropylene (PP). 

 

Figure 5 The degree of reduction in the viability of (Escherichia coli) and (Staphylococcus aureus) after 

contact with the tested samples in relation to the polypropylene sample (PP) after 24 h 

4. CONCLUSION 

The high power impulse magnetron sputtering (HPIMS) process has been successfully used for the deposition 

of bactericidal coating on polymer substrate. The AgO+CuO coatings were deposited by magnetron sputtering 

method using various process parameters which resulted the differences in their chemical composition. The 

conducted analysis showed a significant influence of the chemical composition on the structure, density and 

mechanical properties of the obtained coatings. The analysis of the continuity of different CuO+AgO coatings 

showed that it is also depending on chemical composition. Furthermore, different growth mechanisms of the 

coatings are observed. The microstructure of the obtained multicomponent AgO+CuO coatings is the result of 

the microstructures characteristic for the monolayer AgO and CuO coatings. With the increase in the 

percentage of CuO in coating, a nanocrystalline columnar structure characteristic for PVD coatings was 
observed. Such an evident structure with the coating growth mechanism layer by layer. On the other hand, in 

the case of coatings with increased AgO concentrations the structure, which mainly consists of spherical 

crystallites were observed. It indicates an island growth mechanism. In addition, the presence of larger pores 

in this coating was observed. It was also found that plasma treatment of polypropylene (PP) with CuO+AgO 

layers allows to provide good antibacterial properties. One of the factors contributing to the formation of biofilm 

on the surface of polymers is the hydrophilicity of the material [14]. The use of AgO + CuO coatings made it 

possible to obtain hydrophobic surfaces that limit the growth of microorganisms on the surface. The conducted 
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tests showed 100% bactericidal effectiveness of all tested coatings. Thus, it can be concluded that magnetron 

sputtering is a convenient technique for depositing thin bactericidal films on a polymer substrate. 
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Abstract 

The main goal of the study was to determine the effect of local laser treatment on bending stresses under load. 

The simulation results show that the different locations and number of laser tracks (internal rigidity ribs) on the 

thin-sheet surface had a influence on the stress distribution under bending loads. Finite element analysis of 

the equivalent von Mises stresses and bending of thin sheet steels confirms that specimens with internal 

stiffeners are more resistant to bending loading.  

Keywords: Thin steel sheet, reinforcing ribs, laser treatment, FEA modelling, bending loads 

1. INTRODUCTION 

There is a correlation between the geometry of the structure and the stiffness of thin sheet metal plates in 

many of these available methods for improving rigidity and strength. More ribs or thickened portions can be 

added to the thin-sheet metal plate to enhance stiffness, increasing the plate's size and weight. [1]. 

New metal processing methods emerge annually, allowing for more control and improved metal characteristics. 

When a new current method called local laser heating is used on a material, it may transform and create zones 

inside the material with different general characteristics than the rest of the metal structure [2]. The base 

material can either be melted or heated without melting when using a local laser heat treatment. Laser 

treatment may be used to modify the microstructure and characteristics of materials, such as increasing their 

rigidity or toughness. Simply knowing where the stresses are located in a metal structure may have a major 

impact on its stiffness and bending strength when subjected to a load. Due to the ability to build internal 

stiffeners through the use of local laser heating, we can greatly enhance mechanical qualities while keeping 

weight and dimensions constant [3].  

The effectiveness of producing reinforcing ribs in thin sheet steel with local laser heating is discussed in the 

article. The stress distribution under bending loads was studied using a finite element analysis of varied 

positions and lengths between laser paths. 

2. AIM OF THE STUDY 

The goal of this study was to establish the influence of laser treatment on bending loads and the number of 

laser tracks required to significantly improve the bending strength of the material under consideration. This 

paper presents the results of an FEA simulation and a nonlinear mechanical analysis of the bending stress 

distribution of thin steel sheets that have been treated with a laser to strengthen them. Steel sheet bending 

tests under load were modelled in the experiment using the Ansys Workbench 2020 R1 software, which was 

used in this case. 
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3. OBJECT OF THE STUDY 

The International Organization of Motor Vehicle Manufacturers reported that 80.1 million automobiles would 

be produced in 2021 [4]. Each vehicle consumes around 900 kg of steel on average. The steel in the vehicle 

is distributed in a variety of ways depending on the total mass of the vehicle, but we are most interested in the 

portion of the steel that is used in the body structure, to maintain high strength and energy absorption in the 

case of an accident - which accounts for approximately 40% of the total weight of the vehicle. When compared 

to ordinary steel, new grades of Advanced High-Strength Steels (for example, S550MC) enable automakers 

to cut vehicle component weight by 25-39 % and total vehicle weight by 8-10 %. As a result, the overall weight 

of a conventional five-passenger family automobile is lowered by 100-150 kg, resulting in an annual savings 

of 2-3 tonnes in greenhouse gas emissions during the vehicle's entire lifetime. There is a possibility that the 

reduction in emissions will be greater than the whole quantity of CO2 released during the manufacturing of all 

of the steel in the vehicle [5]. Incorporating local laser processing of thin sheet steels into a structure can assist 

in further reducing its overall weight while retaining the high strength qualities of the material. 

Structural hot rolled carbon steel (1.0986, S550MC) containing less than 0.3% carbon was used in this work 

(Table 1). Chemical composition of steel 1.0986 (wt%): 0.12C; 0.5Si; 1.8Mn; 0.015S; 0.025 P; 0.2V; 0.09 Nb;  

0.15Ti; 0.015Al. 

Table 1 Mechanical properties of steel 1.0986 [6] 

Elastic modulus 
E, (GPa) 

Yield strength 
R0.2, (Mpa) 

Bending strength 
Rm, (Mpa) 

Relative extension 
(%) 

Hardness 
 (HBW) 

190-220 550 600 Min 12 341 

4. METHODOLOGY OF RESEARCH 

The bending stress of a laser-treated thin sheet metal plate was simulated using the Ansys Workbench 

software. The dimensions of the thin sheet metal (100x5x2 mm), the region of laser treatment (20x5 mm) - 

double side, and the depth of treatment (0.3 mm) are the same in all of the FEA models that have been 

produced for this project (Figure 1). For each specimen, appropriate mesh models of laser-treated thin sheet 

metal plates were created, with an element quality of more than 0.13 for each specimen and no significantly 

deformed elements (Figure 2). 

 
Figure 1 General view of 3D model and bending device 
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Figure 2 - 3D meshing model. 

Three possibilities for positioning the laser-treated region on a sheet sample are shown (strips horizontally, 

vertically and at an angle of 45 degrees). There are additionally three possibilities for the distances between 

the laser-treated tracks, which are as follows: (distances of 0 mm, 0.35 mm and 0.7 mm) (Figure 3, Table 2). 

Table 2 Variants of FEA model geometry 

Location of laser-treated 
area 

Distances between the 
laser-treated tracks 

(mm) 

Number of laser tracks in 
treated area 

(pcs) 

Abbreviation of case 

Reinforced strips 
horizontally 

0.7 6 I-I 

0.35 8 I-II 

0 12 I-III 

Reinforced strips vertically 

0.7 28 II-I 

0.35 36 II-II 

0 54 II-III 

Reinforced strip at an 
angle of 45 degrees 

0.7 34 III-I 

0.35 36 III-II 

0 42 III-III 

Untreated plate - 0 X 

 

Figure 3 General view of laser treated area: a - case I-III; b - case II-I; c - case III-II; d - cross-section view of 

laser track case I-III 
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For the FEA model, two separate properties of the material (for the base material and the laser-treated tracks) 

were used to represent the tracks (Table 3). The bending test was carried out in accordance with ISO 6892-

1:2019 [7]. 

Table 3 Mechanical properties of base metal and laser treated layer used to FEA simulation 

Material Modulus of Elasticity 
E (GPa) 

Shear Modulus 
G (GPa) 

Yield strength 
σ0.2 (MPa) 

Ultimate Strength 
σB (MPa) 

Base metal 212 82.1 550 600 

Laser treated layer 262 101.7 660 720 

To mesh the model of the metal thin sheet plate, tetrahedral components were used. The mesh size ranged 

between 0.55 and 0.95 mm. For the bending instance, the numerical examination of the physically nonlinear 

problem was solved. The Bilinear Isotropic Hardening model was used as a very simple plasticity model [8,9]. 

Experimental data are used to generate the stress-strain curves for the basic metal and the treated layer. 

However, in order to simplify the nonlinear part of the curves to linear dependences, as is customary with the 

Bilinear Isotropic Hardening model, the nonlinear part of the curves is simplified to linear dependences [8]. 

5. RESULTS 

FEA simulation and analysis (Figures 4-6, Table 4) revealed that the maximum strengthening effect was 

obtained when the sheet steel was laser-treated with the reinforced strip at an angle of 45 degrees and a 0 

mm distance between them. The difference between the maximum Von Mises equivalent stresses achieved 

in the treated samples, and the maximum Von Mises equivalent stresses achieved in an untreated thin sheet 

plate ranged from 15% to 26%. Almost all samples showed the same deflection distance, but the force with 

which to press on the metal plate increased by 33% (1375 N) compared to the untreated plate (1033 N) 

Table 4 Results of FEA simulation of the elastoplastic deformation 

Sample Max. Deformation (mm) 
Von Mises equivalent stress 

(MPa) 
Force reaction from 

bending tool (N) 

Untreated sample (X) 6.46 870 1033 

Treated sample I-I 6.46 1005 1092 

Treated sample I-II 6.45 1026 1124 

Treated sample I-III 6.44 1079 1165 

Treated sample II-I 6.46 1039 1118 

Treated sample II-II 6.45 1060 1130 

Treated sample II-III 6.44 1075 1178 

Treated sample III-I 6.46 1072 1154 

Treated sample III-II 6.45 1074 1155 

Treated sample III-III 6.43 1100 1375 
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Figure 4 Test sample X: Max. Deformation 6.46 mm; Von Mises equivalent stress 870 MPa; Force reaction 

from bending tool 1033 N. 

 

Figure 5 Test sample I-I: Max. Deformation 6.46 mm; Von Mises equivalent stress 1005 MPa; Force reaction 

from bending tool 1092 N. 

 

Figure 6 Test sample III-III: Max. Deformation 6.43 mm; Von Mises equivalent stress 1100 MPa; Force 

reaction from bending tool 1375 N. 
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6. CONCLUSIONS 

After performing finite element analyses on thin sheet steel S550MC bending test results, it was discovered 

that local laser processing could increase the resistance to bending loads by up to 26% as an alternative to 

the application of complex geometric shapes or the addition of additional strengthening elements. 

The FEA approach may be used to determine the needed laser treatment area, including the geometry and 

location of the treated area, the depth of laser penetration, the orientation of the laser tracks, and the number 

of laser tracks. 
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Abstract  

Micro-mechanisms are one of the main areas of development in manufacturing technology widely used in 

various production fields. Currently, new microelements are made of superalloys due to the high requirements 

of corrosion resistance and temperature resistance. Furthermore, effective methods of making micro elements 

are sought, which on the one hand will ensure the appropriate dimensional and shape accuracy and, on the 

other hand, the expected surface quality. Conducted research was focused on analyzing the influence of micro 

wire electrical discharge machining on the parameters of selected surface topography features, which directly 

impact the tribological properties of the surface of micro parts. The effect of the WEDM parameters on the 

functional parameters of the surface texture: Sk - the roughness of the core, Spk - the roughness of the peak, 

Svk - the roughness of the valleys are presented and discussed. 

Keywords: EDM, electrical discharge machining, holes, geometry accuracy 

1. INTRODUCTION 

The application of new micro mechanisms from difficult-to-cut materials such as super nickel alloys requires 

the development of new machining technologies that will allow to obtain the appropriate dimensional accuracy 

of microelements and achieve the desired surface quality. One of the technologies that allow for the production 

of geometrically complex microelements made of nickel superalloys is wire electrical discharge machining. 

Using a working electrode with dimensions less than / equal to 0.1 mm allows for the production of 

microelements. In WEDM electric discharges occur between the wire electrode and the workpiece, causing 

the material to be locally removed by melting and evaporation, as a result of the impact of thermal processes 

from discharge [1-6]. On the surface of the workpiece and the working electrode, craters are formed  

(Figure 1). 

 

Figure 1 Scheme of material removal mechanism in electrical discharge machining 
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Surface topography is formed by the overlapping of individual craters and is specific to this treatment process 

[7-11]. The complexity of the physical phenomena occurring in the WEDM process, which are determined both 

by the parameters and the machining conditions, cause new solutions to be constantly sought. Main attention 

is focused on providing the appropriate dimensional and geometric accuracy of the cut elements and obtaining 

the appropriate efficiency of the process [12-16]. Increasing demand for wear-resistant of manufactured 

microelements causes surface texture properties in many cases to play a key role. The relatively small number 

of research concerned the analysis of the influence of micro WEDM parameters on the surface topography 

properties. Therefore in this study, the main attention was focused on analyzing the effect of the micro WEDM 

parameters on the functional parameters of the surface texture: Sk - the roughness of the core, Spk - the 

roughness of the peak, Svk - the roughness of the valleys. The main goal of this research is a better 

understanding of the relationship between the influence of WEDM process parameters and surface topography 

properties described with the material ratio curve. 

2. MATERIALS AND METHODS  

Experimental investigation of influence discharge energy during micro WEDM of Inconel 718 was conducted 

on the GF Charmiles machine Robofil 440. Samples with the dimension of 5 mm x 5 mm were cut by a brass 

wire electrode with a diameter of 0.1 mm. During machining dielectric deionized water was flushing the gap. 

Experiments were conducted with the following machining conditions: pulse current in the range Ic = 22 - 44 

A, pulse duration in the range ton = 0.2-0.6 µs, with hold constants (open voltage U0 = 225 V, discharge voltage 

Uc = 30 V), and time interval toff = 8 µs. 

Discharge current Ic, pulse duration time ton, along with discharge voltage Uc  defines the energy of the 

electrical discharge which was calculated according to equation (1): 

2 = 3 �XGMJ ∙ X̧GMJ ÙM      G¶4J�gU
1   (1) 

Investigation of the surface topography properties of Inconel 718 after the mikro WEDM was carried out on a 

Taylor-Hobson FORM TALYSURF Series 2 scan profilometer. To investigate the surface roughness, an area 

of 1 x 3 mm was measured with a discretization step (10 μm) and Y-axis and X-axis. To characterize the 

surface topography after the WEDM, the following functional parameters were chosen: Sk - the roughness of 

the core, Spk - the roughness of the peak, Svk - the roughness of the valleys. Table 1 shows the levels of 

machining parameters carried out in the experiment. 

Table 1 WEDM process parameters and observed values 

Ele
me
nt 

Mikro WEDM parameters  Measured parameters 

ton 

(µs) 
toff (µs) I (A) Uc (V) E (mJ) 

Sk 
(µm) 

Spk  
(µm) 

Svk (µm) Smrk1 (%) Smrk2 (%) 

1. 0.2 8 68 30 0.066 6.935 3.138 2.021 12.02 91.89 

2. 0.6 8 68 30 0.396 8.633 4.125 2.678 11.94 91.27 

3. RESULTS AND DISCUSSION 

Analyzed samples of surface properties after micro WEDM Inconel 718 for two different levels of discharge 

energy sample 1: E= 0.066 mJ and sample 2: E= 0.396 mJ have been carried out. Figure 2 presents the 

surface topography with profile section and polar graph with texture direction.  
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(a) (b) 

Figure 2 Surface topography of Inconel 718 with profile section and polar graph with texture direction after 

WEDM: (a) discharge energy E = 0.066 mJ; (b) discharge energy E= 0.396 mJ 

The surface topography after WEDM is a result of overlapping craters of single electric discharges. The surface 

roughness for the sample is Sa =2.182 µm, Ra = 1.84 µm, and for the second sample, Sa =2.747 µm,  

Ra =2.32 µm. The surface structure is isotropic (Figure 3).  

  
a) b) 

Figure 3 Polar graph with texture direction after WEDM for: (a) discharge energy E=0.066 mJ; (b) discharge 

energy E=0.396 mJ 

The tribological properties of the surface directly depend on the used processing technology. The material 

ratio curve (Figure 4) gives information about the tribological properties of functional elements such as the 

load-carrying capacity or wears resistance. The shapes of the material ratio curve can take various profile 

types and depends on the type of machining used. In the case of wire electrical discharge machining in which 

the electrical discharges have a stochastic character, the material ratio curve exhibits an S-letter shape. The 

material ratio curve is characterized by parameters: 

 Spk - the value of the roughness of peaks gives information about the assessing of the surface 

resistance to abrasion, 

 Sk - the roughness of the core is a measure of the effective depth of inequality, 

 Svk - the roughness of valleys, which presents the reduced depth of the cavities, describes the ability 
to maintain fluid through the sliding surfaces, 
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 Sr1 - which describes the percentage contribution of vertices, 

 Sr2 - which describes the percentage contribution of the recesses is described by the parameter.  

The comparative analysis of the parameters describing the material ratio curve shows a significant influence 

of the discharge energy on the properties of the treated surfaces. For the first sample, where the discharge 

energy was E = 0.066 mJ; the value of the parameters Sk - the roughness of the core, Spk - the roughness of 

the peak, Svk - the roughness of the valleys was as follows: Sk = 6.935 μm, Svk = 2.021 μm, Spk = 3.138 μm. 

Increasing the discharge energy to E= 0.396 mJ (for sample 2) leads to grow the value of each investigated 

parameters: Sk = 8.633 μm, Svk = 2.678 μm, Spk = 4.125. The percentage contribution of vertices is described 

by the parameter Sr1 (upper bearing of the surface) and is about 12 % and Sr2 (lower bearing of the surface) 

is 92 % for both samples. The higher value of the roughness of the peak Spk indicates that there are more 

peaks investigated. From a tribological point of view, it can lead to a decrease in the area of contact between 

the two working together surfaces. In this case, the peaks will be damaged and will affect the lapping process. 

Nevertheless, the increase in electric discharge energy is not directly proportional to the growth of parameters 

describing the material ratio curve. 

WEDM is characterized by its complexity, resulting in both the material removal physics and the machining 

conditions affecting its stability. Discharges in the gap could be divided into individual cases. In the first stage, 

discharges occur in the place where the gap is the smallest. Next, discharges can occur on the single erosion 

produced. Finally, discharges will appear in the place of concentration of debris. Overlapping craters of single 

electrical discharges from the surface topography Tribological properties of manufactured surfaces 

represented by material ratio curve will depend on the geometry of the crater, which directly depends on the 

discharge energy. Conducted studies indicate that a significant increase in discharge energy does not cause 
a substantial increase in the amount of eroded material during a single electric discharge. In this case, 

discharge voltage was constant. The discharge energy E was set up by changing discharge current and pulse 

time (equation 1). The distance gap was constant, which reduced the effect of the discharge energy value on 

the amount of eroded material in a single discharge. 

   

  
Parameters Value Unit 

Sk 6.935 µm 

Spk 3.138 µm 

Svk 2.021 µm 

Smrk1 12.02 % 

Smrk2 91.89 % 
 

Parameters Value Unit 

Sk 8.633 µm 

Spk 4.125 µm 

Svk 2.678 µm 

Smrk1 11.94 % 

Smrk2 91.27 % 
 

a) b) 
Figure 4 Material ratio curves after micro WEDM of Inconel 718 for: (a) discharge energy E=0.066 mJ; (b) 

discharge energy E=0.396 mJ 
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4. CONCLUSION 

The experimental studies were focused on the analyses of surface texture properties represented by the 

material ratio curve. The influence of discharge energy during the micro wire electrical discharge machining of 

Inconel 718 on tribological properties was established. Summarizing the results of the experimental 

investigation can be concluded: 

 The material ratio curve after micro WEDM exhibits an S-letter shape which proves that the surface is 

random. This is a direct result of the stochastic nature of electrical discharges occurring between the 

thin wire electrode and workpiece.  

 The increase in electric discharge energy leads to an increase in the value of parameters describing the 

material ratio curve.  

 For the low value of the discharge energy the tribological properties of the cut surface are improved. 
The lover value of the roughness of the peak Spk indicates that there are less peaks in investigated are 

compared to the treated surface with higher discharge energy. From a tribological point of view, it can 

lead to an increase the area of contact between the two working together surfaces and have a good 

influence on the lapping process. 
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Abstract  

Corrosion behavior of ferritic-martensitic steel Eurofer in stagnant liquid PbLi was studied. Eurofer is under 

consideration to be the structural steel for fusion reactors. The aim of this study was to describe behavior of 

the steel in a static liquid lead-lithium eutectic (PbLi) and improvement of corrosion resistance by application 

of protective coating. Radio frequency inductively-coupled plasma spray (RF-ICP) was used for deposition of 

the coating. The experiment was realized at 600 °C for 500 and 1000 hours, and post-test examination of 

surface and cross-section of the specimen was performed by Scanning Electron Microscope with Energy 

Dispersive Spectroscopy. Microscopical investigation identified the solution-based attack and Pb penetration 

into the material as the dominant corrosion damage of steel and coatings showed a promising resistance to 

the corrosive medium. Pb penetration zone deepened with increasing time of exposure. Evaluation of steel 

protected by Fe coating revealed no Pb penetration into the coating and no solution-based attack was found. 

Steel was protected from any kind of elemental dissolution or microstructural degradation.  

Keywords: Ferritic-martensitic steel, liquid PbLi, coating, nuclear application, solution-based attack 

1. INTRODUCTION 

Reduced activation ferritic-martensitic (RAFM) steel such as Eurofer is one of the candidates for structural 

materials for PbLi-cooled breeder blanket concepts for nuclear fusion reactors [1-5]. PbLi has a potential to be 

used as a cooling media owing to its favorable chemical-physical characteristics, such as high thermal 

conductivity that can be employed for rapid and efficient heat transfer. However liquid metal-based cooling 

media represents very aggressive environment and corrosion resistance of structural materials need to be 

solved. 

The applicability of conventional RAFM steels is limited by temperature below 600 °C. In future nuclear 

technologies increase of operating temperature is supposed. For this reason, improvement of corrosion 

resistance must be solved. Investigation of Eurofer compatibility to PbLi revealed a uniform corrosion attack 

based on dissolution of Fe and Cr from the steel and PbLi penetration into the solid structure material. The 

degree of the attack depends mainly on the temperature and flow rate of the liquid metal [2,4,6-11]. Konys et 

al. evaluated the corrosion rates at 480 °C and 550 °C and found out that the value critically increased from 

90 µm/year to 700 µm/year [12]; Flament et al. presented a similar trend at 400 °C and 500 °C [3]. These 

values are similar to the measurements for Eurofer-97 in flowing PbLi at 550 °C presented by Konys et al. and 

Krauss et al. [9,10].  

In molten Pb stable protective oxides can be used to slow down the diffusion process and subsequent 

degradation of steel. Unfortunately, this cannot be applied for PbLi environment. Decrease of surface solubility 

and reduction of PbLi penetration can be provided by deposition of protective coating. Most of the effort on the 

coating development is focused on self-healing properties and decrease of solubility. For this reason Al based 
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coatings are under consideration [13-16]. FeAl coating offers a good resistance too, but more data and 

research are needed [17,18]. The alternative solution for protective coatings may be elements such as W, Mo, 

Fe, Al, Si and their combination. In this study we have employed radio frequency inductively-coupled plasma 

spray (RF-ICP) to deposit Mo and Fe coatings onto structural steel. Evaluation of corrosion resistance was 

performed in Pb-Li environment at 600 °C. 

2. EXPERIMENTAL 

2.1. Material and coatings  

Low-activation ferritic steel Eurofer was used for experiments. The Eurofer steel was produced by melting and 

rolling to a thickness of 25 mm (Böhler-Uddeholm, heat nr. 993402). After the rolling, a normalization heat-

treatment at 980 °C for 30 min and cooling in air followed by tempering at 760 °C for 90 min and cooling in air 

were carried out by the manufacturer. The chemical composition is listed in Table 1. 

Table 1 Chemical composition of Eurofer [wt%] 

Element  Cr Mn W V Ta Fe 

Eurofer 8.95 0.55 1.04 0.20 0.14 balance 

RF-ICP was used for coatings deposition. Gas-atomized Mo powder (14-45 µm, 99.9% purity, Tekna, Canada) 

and water atomized Fe powder (45-90 µm, 99.8% purity, Hoganas, Sweden) were used. Morphology of 

powders can be seen in (Figure 1). 

 

Figure 1 Morphology of feedstock powders used for deposition of coatings 

The RF-ICP deposits were prepared using TekSpray 15 device (Tekna, Canada), equipped with PN-35M RF-

ICP torch. The used torch power was 15 kW, and the chamber filled with protective (reduction) Ar+H2 

atmosphere was maintained at 0.103 MPa (3% atmospheric overpressure) throughout the spray duration for 

Fe. This pressure was reduced to 0.069 MPa for the deposition of the high-melting point Mo, to allow for an 

enhanced heat intake in the longer plasma jet. The stand-off distance was selected as 70 mm. Such a short 

distance was possible as own, in-house designed water-cooled sample holder was used. 

2.2. Corrosion testing in PbLi 

The facility for PbLi exposure experiments is an instrumented static tank which consists of a 4.5 l stainless-

steel test chamber lined with alumina (Al2O3) crucible, containing approximately 13.5 kg of PbLi (16% Li, purity 

99.98%). The alumina prevents a direct contact of the steel chamber wall with both the liquid metal and the 

test specimens. Heating elements reeled onto the chamber outer surface allow controlling the test temperature, 

while the thermal insulation of the whole setup minimizes potential heat losses and high temperature gradient 
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in the PbLi bath, see (Figure 2). A ball valve separates the air-lock and the test chamber. In the air-lock, 

several specimens either fixed in or hung to a movable ceramic holder are kept in an inert gas atmosphere 

both before and after their immersion into the liquid metal in order to avoid oxidation during heating up and 

cooling down. 

 

Figure 2 The experimental setup to study the corrosion of Eurofer in a static PbLi environment 

Testing at static conditions used a simple immersion method. First, the PbLi alloy was heated up to 600 °C 

and purged using pure argon. After the melt stabilization, the holders with the fixed test specimens were 

immersed from the air-tight air-lock chamber into the liquid PbLi. A very low Ar gas flow (5 mL/min) was 

maintained in the test chamber throughout the whole exposure period to secure approximately 15 kPa 

overpressure to avoid outside air penetration. After the exposure, the holders were pulled back into the air-

lock chamber and the setup was cooled down. The residual PbLi was left on the specimen surfaces. Two dwell 

times were used for all samples, 500 h and 1000 h. The extended times were used to collect information on a 

mid-term stability of the materials in such aggressive environment. 

The samples both prior to and after the corrosion immersion were metallographically cut and polished. The 
cross-sections of the samples were cut about 5 mm from the specimens’ longest edge, in a direction parallel 

to it. Lyra3 XMU field emission SEM (Tescan, Czech Republic) equipped with the energy-dispersive X-ray 

spectroscopy (EDS) detector (Oxford Instruments, Abingdon, UK) was used to observe the changes in the 

materials, in particular those associated with penetration of Pb. BSE mode was used to help differentiate 

between the heavy Pb-containing regions and those free of Pb. 

3. RESULTS AND DISCUSSION 

Post test SEM observation of Eurofer specimen revealed solution-based attack (SBA) including Pb penetration 

into the material (see Figure 3). The cross-sections evaluation revealed the presence of protective Cr-rich 

passive layer. During the first 500 h of exposure a non-continuous dissolution of the passive layer occurred 

and surface with no passive layer was attacked directly. The SBA zone deepened with increasing time of 

exposure, with average value of 4.7 µm and 9.3 µm after 500 h and 1000 h of exposure. An EDS analysis of 

the Eurofer cross-section revealed the Cr-Pb zone at the surface, and an accompanying Cr-depleted zone in 

the base material beneath the penetrated Pb (Figure 4). The Cr depleted zone reached up to 8 µm and 15 µm 
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after 500 h and 1000 h of exposure, respectively. The Eurofer steel material loss was determined from the 

specimen thickness measurement before and after the exposure and from cross-section corrosion depth 

statistical evaluation (Figure 5). It was found that after the 500h exposure, 31.1 µm of the specimens’ thickness 

was dissolved, while, after the 1000 h, this value grew up to 56.9 µm. Combined with the average SBA depth 

of 9.3 µm, the Eurofer total material loss reached 66.2 µm after 1000 h, corresponding to a rate of 580 µm/year.  

 

Figure 3 SEM BSE images of Eurofer steel after 500 h and 1000 h exposure 

 

 

Figure 4 Near-surface EDS elemental distribution in the Eurofer steel after 500 h and 1000 h of exposure 

showing the Pb penetration and accompanying Fe and Cr-depletion zone beneath it 
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Figure 5 Statistical evaluation of SBA depth 

In (Figure 6) as-sprayed microstructure with typical splat morphology and some non-connected porosity and 

inter-splat linear voids of deposited coatings can be seen. At the interface, clear regions with different Cr/Fe/Mo 

stoichiometry were observed, suggesting an inter-diffusion on the major elements. 

 

Figure 6 Microstructure of Fe and Mo coatings 

 

Figure 7/1 Microstructure of Fe and Mo coatings after 500 h and 1000 h exposure 
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Figure 7/2 Microstructure of Fe and Mo coatings after 500 h and 1000 h exposure 

The microstructure of coatings after exposure in PbLi at 600 °C can be seen in (Figure 7). Most surface of the 

samples was covered by PbLi. Analysis of cross-sections after the exposure revealed that Fe coating 

prevented the attack completely and no penetration was recorded. In contrast, Mo coating was penetrated by 

Pb and the penetration was caused by splat-like structure of the coating. Even 500 h of exposure was enough 

for Pb to reach the steel substrate. Subsequent SBA of Eurofer was observed on coating/substrate interface. 

Statistical evaluation of cross-section enabled to define the Pb penetration depth, i.e. depth of Pb penetration 

into the coating related to the coating´s thickness. In the (Figure 8) is clearly visible that Fe coating was almost 

intact and insoluble during the whole experiment. Mo coating was penetrated even after first 500 h of exposure 

up to 60 % - 100 %. At the end of 1000h exposure almost 100 % of coating was penetrated by Pb. 

 

Figure 8 Statistical evaluation of Pb penetration depth 

4. CONCLUSION 

In our study RF-ICP coatings were deposited onto Eurofer steel to improve the resistance of material to PbLi 

environment. Fe and Mo coatings were deposited in sufficient thickness and without oxidation of the metals. 

Resistance of the system was evaluated in the PbLi environment at 600 °C. After 500 h and 1000 h of 

exposure, it can be concluded that: 

 Application of protective coating can prevent severe dissolution of Eurofer. 

 Mo coating did not prevent Pb penetration, due to the capillary effect inside the imperfectly bonded 

structure. 
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 Fe coating exhibited excellent resistance to the aggressive environment. No dissolution and only 

sporadic Pb penetration was observed. 
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Abstract  

Diamond-like carbon (DLC) coatings are currently used in many areas of the economy. Due to their unique 

properties, such as high hardness, low friction, and high wear resistance, are also used in industry, especially 

on machine parts exposed to increased wear. The paper presents the results of operational tests of diamond-

like carbon coatings deposited in the physical vapor deposition (PVD) process on samples made of 4H13 

stainless steel. The properties of DLC coatings were assessed based on microstructure analysis, 

nanohardness and roughness measurements, and tribological tests. The results obtained during the tests 

showed that using diamond-like coatings significantly improves the tribological properties. In addition, the 

coatings are free of pores and microcracks. In addition, DLC layers are characterized by high nanohardness 

and low roughness. This type of coating can be used on surfaces of machine parts. 

Keywords: Diamond-like carbon, PVD, coatings, properties 

1. INTRODUCTION 

DLC coatings are a metastable form of amorphous carbon, composed of sp2 hybridized bonds found in graphite 

and sp3 bonds found in a diamond. Depending on the proportion of these bonds, DLC exhibits different 

tribological properties. The hardest and most durable mixture is amorphous tetrahedral carbon (ta-C) (the 

content of sp3 bonds - approx. 70%). Coating with a ta-C layer with a thickness of 2 μm increases the resistance 

of stainless steel to abrasive wear, increasing its life cycle up to 85 years [1]. Due to their carbon content, the 

DLC coatings themselves do not show high resistance to high temperatures. To improve their thermal stability, 

admixtures of non-metals (e.g. hydrogen, boron, nitrogen, phosphorus, fluorine, and sulfur) or metals (copper, 

nickel, tungsten, titanium, molybdenum, silicon, chromium, and niobium) are used. It can be concluded that 

DLC coatings can be used wherever necessary to reduce the coefficient of friction and the intensity of wear of 

parts. DLC coatings are applied to the surface of injection molds, and the electrical properties and 

biocompatibility cause a growing interest in using these coatings in medicine. This also improves operational 

features of coatings operating in corrosive [2,3] and biocorrosive aggressive environments [4,5]. 

In industry, DLC coatings cover machine parts such as bearings, cylinders, pistons, gears, or mechanical seals 

[6,7]. They are also applied to the surface of cutting tools, injection molds, and various tribological pairs [8]. In 

consumer products, they can be found, among other things, on the surfaces of wristwatches (including 

bracelets and protective glass) or needles [9]. DLC coatings can also be applied to the surfaces of precision 
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mechanical systems such as modern fuel injectors for compression ignition engines [10]. Applying diamond-

like coatings to military equipment (e.g. firearm barrels) is particularly interesting [11]. 

The unique features of DLC coatings have a significant impact on quality improvement in production processes 

[12,13] and during operation, which also affects the quality management systems themselves [14,15]. The 

research on the properties of surfaces modified by DLC also inspires experimental study [16,17] and data 

analysis methodology [18,19], including non-parametric models [20]. In recent years, analyses of stochastic 

series [21] and stochastic fields [22,23] have been intensively implemented in surface layer studies, combined 

with numerical experiments [24,25]. 

One of the companies that use the unique properties of DLC coatings is ISKRA ZMILS Sp. z o.o. located in 

Kielce, Poland. DLC coatings are used for (Figure 1): 

 surface coating of RPK 1032V rollers - used in wire straightening units. They are single-row ball bearings 

with a thickened outer ring with a V-groove covered with DLC on its surface,  

 covering the working surfaces of rod end bearing - such elements are used for technical devices which 

perform pendular movements, among others, in light industry, food industry, or transport. 

a) b)  

Figure 1 Machine parts with DLC coatings manufactured by ISKRA ZMILS Sp. z o.o.: 

a) RPK 1032V roller, b) Rod end bearing 

2. MATERIALS AND METHODS 

Materials with anti-wear functions for friction nodes coated with diamond-like coatings (DLC) of a-C:H type 

with W and Cr interlayer, deposited by physical vapor deposition PVD process, were selected for this study. 

The choice of DLC coatings was dictated by their excellent properties and the possibility of extensive 

application in various industries. The amorphous hydrogenated carbon (a-C:H) layer, also called carbon-like 

coating, is characterized by high mechanical properties. 

Stainless steel 4H13 was used as the substrate material. The chemical composition of the steel used was as 

follows (wt %): C: 0.36-0.45; Mn: 0.50-0.80; Cr: 12.0-14.0; Si: 0.60-0.80; Mo: 0.5-0.7; V: 0.2- 0.3; Ni: 0.1-0.60; 

P: max 0.04, S: max 0.03, other is Fe. 

PVD thin anti-wear coating processes occur at elevated temperatures, resulting in the tempering of the surface 

layers and reduced hardness. DLC coatings were obtained at the following processes and temperatures: 

 a-C:H by physical vapor phase PVD sputter deposition at <300 °C, 

 350°C substrate material temperature. 
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3. RESULTS AND DISCUSSION 

The microstructure analysis of DLC coatings was performed using a JEOL JSM-7100F field emission scanning 

electron microscope. Figure 2 shows the microstructure of the DLC coating. The thickness of the layer was 

about 3 µm. The microstructure analysis shows that the coating is free of pores and microcracks. Moreover, 

the boundary line between the coating and the substrate is visible. 

The elemental distributions on the cross-section in the amorphous hydrogenated carbon layer on the tested 

stainless steel surface are shown in (Figure 3). It is observed that the elemental distributions of Fe, Cr, W, and 

C are clearly visible on the diamond-like layers. In addition, all element distributions are heterogeneous, and 

some grains are oxygen deficient.  

 

Figure 2 Microstructure of DLC coating 
 

Figure 3 Elements distribution in the specimen with 

DLC coating 

Producing coatings with the required micromechanical properties is a significant research challenge. In the 

manufacturing process, it is necessary to define the controlled parameters and properties expected from the 

resulting coating. The multitude of controlled parameters and their values result in many combinations resulting 
in high costs. The nanoindentation and Young's modulus measurements were performed using a 

nanoindentation tester made by NANOVEA company, located in the Physics Laboratory of Silesian University 

of Technology, Poland. The tests were carried out under the following parameters: linear load, max. load 3.2 

mN, load and unload rate 40 mN/min, and load/unload cycle interval 3 s. The average values of nanohardness 

and Young's modulus were determined from 10 measurements. The nanohardness was determined as the 

depth of penetration of the indenter, while the slope of the unloading curve determined the longitudinal 

modulus. Table 1 shows the average values of nanohardness and Young's modulus along with the standard 

error. 

Analyzing Table 1, it can be seen that the nanohardness of the DLC coating was about 26% higher compared 

to the nanohardness of the 4H13 stainless steel. A similar analogy can be observed by analyzing Young's 

modulus values for the DLC coating and 4H13 stainless steel. 

Table 1 Nanohardness and modulus of elasticity values with standard error 

Material Nanohardness (GPa) Young’s modulus (GPa) 

DLC coating 7.55 ± 0.10 92.87 ± 2.05 

4H13 stainless steel 5.60 ± 0.40 44.00 ± 4.30 

Friction resistance tests (technically dry friction) were carried out on a T-01M tribological tester in a ball-ring 

association. As samples, 4H13 stainless steel rings with DLC coatings were used. The counter-sample was a 

6.3 mm diameter ball made of 100Cr6 steel. 
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Tests on the tester were conducted at the following friction parameters: 

 linear velocity v= 0.8 m/s, 

 test time t = 3600 s, 

 load range Q = 4.9 N; 9.8 N; 14.7 N. 

The sample graph (Figure 4) shows the coefficient of friction and linear wear as a function of time for a load 

of 4.9 N. 

 

Figure 4 Line graph of wear as a function of time for a load of 4.9 N 

The transformation of the technological surface layer into the operational surface layer occurred during the 

technically dry friction of the investigated coatings. This effect took place mainly due to pressure and sliding 

velocity and the influence of the ambient atmosphere close to the tested surface. Stabilization of the state of 

the wear-protective surface layer was observed. 

It can be seen in (Figure 4) that the stabilization of the friction factor occurs after about 2700 seconds, and its 

value oscillates from 0.16 to 0.18. The course of linear wear is exponential. 

 

Figure 5 Roughness profile of the DLC coating 

The surface roughness measurements were carried out in the Laboratory of Computer Measurements of 

Geometric Values of the Kielce University of Technology. The tests were carried out using the method of 

coherent correlation interferometry, allowing measurements with resolution in the z-axis up to 10 pm. The 

roughness was measured in two perpendicular directions. The average value was then calculated, which was 

Ra = 0.60÷0.66 µm. The 4H13 stainless steel samples had roughness ranging from 0.41 to 0.43 µm. 
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Table 2 Roughness profile parameters of the DLC coating 

Roughness parameters DLC coating 

Rp (µm) 1.81 

Rv (µm) 2.33 

Rz (µm) 4.14 

Rc (µm) 1.91 

Rt (µm) 4.86 

Ra (µm) 0.66 

Rq (µm) 0.81 

Figure 5 shows an example of a two-dimensional measurement of the surface microgeometry of a DLC 

coating. Table 2 shows the most crucial average roughness parameters of the obtained surface layer. Low 

values of roughness parameters of the DLC coating also affect its mechanical properties. 

4. CONCLUSIONS 

Based on the study, the following conclusions can be formulated: 

 DLC coatings had a homogeneous structure and were free of defects, 

 the thickness of the layer applied with the PVD method was about 3 µm, 

 the average value of the friction coefficient (at the moment of stabilization) obtained during tribological 
tests for the DLC surface layer was within the range of 0.16÷0.18, 

 the layers of amorphous hydrogenated carbon had low roughness and high nanohardness,  

 further studies will be directed to determine DLC coatings' corrosion and erosion resistance. 
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Abstract 

This poster focuses on the characterization of chloride migration from the environment into different types of 

concrete. Chloride diffusion into reinforced concrete plays an important role in the degradation of reinforced 

concrete structures. Three types of concrete were tested: conventional concrete, conventional concrete with 

Portland cement and concrete with the addition of silica fume. These additions led to a reduction in the rate of 

chloride diffusion. The diffusion rate was determined by means of an immersion test in a solution containing 

3% chloride ions. Electrochemical impedance spectroscopy (EIS) was used to further describe the 

microstructure of the concrete. Open porosity was quantified based on the analysis of the data obtained and 

these results were correlated with the rate of chloride diffusion. The positive effect of the additives, consisting 

of limiting chloride migration, was confirmed by the reduction of pore permeability as seen in the EIS data. 

Keywords: Chlorides diffusion, steel reinforcement corrosion, concrete additives, silica fume, fly ash  

1. INTRODUCTION 

Reinforced concrete is a composite material made of a concrete matrix and steel reinforcement to improve 

mechanical properties. Carbon steel is mostly used as reinforcement. The stability of carbon steel in concrete 

is important for the durability of the material. Steel reinforcement is naturally protected by formation of stable 

and protective oxide passive layer once the steel come into contact with an alkaline environment such as a 

concrete pore solution. Passive layer may be impaired by presence of chlorides that come into concrete from 

de-icing salts or sea water. Loss of alkalinity by means of carbonation is another but minor cause of corrosion 

activation of steel reinforcement. Chlorides anions permeability is a key factor for corrosion resistance. The 

chlorides permeability is influenced by porosity which may result from low compaction of concrete and too high 

water-to-cement ratio. Another factor that may affect concrete porosity is an electrical current flowing through 

ion-conductive environment of concrete pores system and hydrated cement binder [1-3]. 

To create a less porous concrete, additives such as silica fume or fly ash can be used. Silica fume is an 

amorphous SiO2 powder with small grain size (diameter below 1 µm). An advantage of using silica fume is that 

it can fill micropores and make diffusion more difficult. Silica fume is usually used up to 10 % as a replacement 

for Portland cement. Fly ash is a well-known environmental pollutant and therefore its use in civil engineering 

seems to be effective. Fly ash particles are spherical, and their effect is to increase the workability of concrete 

and to reduce the amount of water needed in the concrete mix. Their addition also reduces permeability in the 

same way as silica fume. On the other hand, high additions of fly ash have a negative effect on the mechanical 

properties. A fly ash content of 20 % in concrete meets the environmental and economic advantages [4-6]. To 

describe the influence of the additives on porosity and the diffusion behaviour of chlorides anions is the aim of 

this paper. 

Electrochemical protective techniques are applicable for preventing the corrosion activation (preventive 

cathodic protection) or for rehabilitation of passivity (electrochemical chloride extraction, realkalization, 

cathodic protection). All the techniques are based on cathodic polarization of the reinforcement by direct 
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electrical current. Similar approach may be used for electrochemical injection of charged nanoparticles and 

cationic corrosion inhibitors. On the other hand, all the direct current techniques may influence microstructural 

properties of cement binder in concrete, which may lead to enhanced permeability of chlorides through 

concrete [7,8]. 

2. EXPERIMENTAL PART 

2.1. Studied materials 

Three types of concrete were studied. The concrete types were different in a binding system. In the case of 

“cA” concrete, the Portland cement binding system was used (CEM I 42.5R), Portland composite-cement 

(CEM II 42.5R) based on fly ash was used for making the “cB” samples and the Portland cement with silica 

fume was for making the “cC” samples. The composition of the samples is shown in the Table 1. The water-

to-cement ratio is 0.803 for the prepared specimens, this value was chosen to easier observation of transport 

processes thanks to the higher porosity. 

Table 1 Concrete specimens composition in kilograms per cubic meter 

Component cA cB cC 

CEM I 42.5R 230.5 - 207.4 

CEM II 42.5R - 230.5 - 

silica fume - - 23.0 

water 185.0 185.0 185.0 

sand 0-4 mm 1012.3 1012.3 1012.3 

aggregate 4-8 mm 256.1 256.1 256.1 

aggregate 8-16 mm 512.1 512.1 512.1 

Samples were cylindrical with 100 mm in the diameter and 50 mm or 60 mm high (50 mm - samples for 

electrochemical measurements and 60 mm for diffusion tests). Samples were stored in saturated solution of 

Ca(OH)2 to eliminate the carbonation on air. 

2.2. Diffusion tests 

The diffusion tests have been conducted to investigate the process of contamination of concrete by chlorides 

anions. Concrete samples were coated with Izoban paint (Detecha) except one side that served as an entrance 

for chlorides from a 3 wt.% NaCl solution (Figure 1). The exposition last for 30 and 60 days. 

 

Figure 1 Samples for diffusion tests 
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Samples after exposition were dried to constant weight at 50 °C. The dried samples were drilled to obtain 

concrete powder for chloride concentration profile among the sample depth. 2,5 g of drilled powder of a 

constant weight was put into 250 ml beaker, 50 ml of demineralized water and 10 ml of HNO3 (concentration 

5 mol/l) was added afrewards. An addition of 50 ml of boiling demineralized wated followed and the whole 

suspension was covered and boiled for 3 minutes on the heater. After that, the suspension was cooled down 

at ambient temperature. Then the suspension was filtrated on filter paper (Filtrak 389) into small PET medicine 

bottle. 

Analysis of the chloride content in the prepared solution were conducted by potentiometric titration (EasyPlus 

Titrator APO 15, Mettler Toledo). AgNO3 solution of concentration 0.1 mol/l was used for the titration. The 

chloride concentrations in solution were converted to wt. % for the initial dry weight of the powder. 

2.3. Electrochemical impedance spectroscopy 

The electrochemical impedance spectroscopy (EIS) has been chosen to get the information about the sample’s 

microstructure. EIS enables to measure impedance as a function of current frequency. The obtained data are 

not enough to get information about microstructure, to get them it is necessary to compare the data with model 

system containing microstructures elements. The impedance spectres were measured on Zahner Zennium X 

on the software ThalesXT USB (v. 5.3.1). The frequency interval was set from 1 Hz to 12 MHz, the signal 

amplitude was 20 mV. A measurement cell was made of PMMA (polymethylmethacrylate), the electrodes were 

made of stainless steel nets with the net size 1mm. The sample was put in this cell with electrolyte (saturated 

Ca(OH)2), the cell is shown on the (Figure 2).  

The concrete specimens consist of aggregate and the cementitious binder, between which there is a pore 

space containing the pore solution. Thus, there are 3 paths for the passing of electric current in the sample. 

These paths for electrical current are shown on the (Figure 3) which represents the structure model. The part 

of the concrete without pores is a poor conducting path for electric current (CPE1 circuit branch on the 

Figure 3). Isolated pores create a discontinuous path for the electric current (R2 and CPE2 circuit branch on 

the Figure 3). If there are pores and they are connected, there is a good conductivity for electric current (R3 

circuit branch on the Figure 3). The constant phase element on the (Figure 3) represents diversity from ideal 

condenser. From these constant phase elements is possible to create the structure model. Obtained data have 

been analysed using Gamry Echem Analyst software (version 6.33). And the system model was fitted on the 

obtained spectrum. 

 

Figure 2 Cell configuration for EIS: (1) sample, 

(2) tightening system, (3) insulator, (4) central 

ring, (5) steel electrodes, (6) graphite tissue, (7) 

pouring and degassing hole 

 

Figure 3 Circuit model used for EIS: CPE - 

constant phase elements, R - resistors, R.E. - 

reference electrode, W.E. - working electrode 
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3. RESULTS 

3.1. Diffusion test 

The concentration profiles were obtained from the 30- and 60-days diffusion tests. Chloride concentration 

descended with depth. The concentrations profiles are on the (Figure 4 and Figure 5). The concentration is 

expressed as a mass of chlorides in the sample powder. The chlorides concentration from higher depths were 

below the detection limit. The concentration profiles from a 60-day exposure of cB and cC concrete are very 

similar; protection against chloride diffusion by fly ash does not appear to be very effective in the long term. 

 

Figure 4 Chloride concentration profile after 30 days 

of exposition 

 

Figure 5 Chloride concentration profile after 60 

days of exposition 

3.2. Electrochemical impedance spectroscopy 

The analysed data showed the difference between the resistances of the material and the resistance of the 

isolated pores. The highest resistance was shown by the material A (ordinary Portland cement). The 

comparison of resistance among the sample types shows that the additives have positive effect on reducing 

the porosity. 

 

Figure 6 Resistance of discontinuos pores 

 

Figure 7 Resistance of continuos pores 
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The results of resistances obtained from EIS measurement are in the (Figure 6 and Figure 7). The resistance 

of the interrupted pores (circuit branch 2 on the Figure 3) doesn´t show representative data according to the 

harder spectre fitting (example of spectre on Figure 8) and higher divergence. The resistances of the 

discontinuos pores are shown on the (Figure 6). 

The resistance of open porosity (circuit branch 3 on the Figure 3) is the highest for concrete with silica fume 

and the lowest for the concrete with basic Portland cement. These values confirm the theory of positive 

influence of additives on reducing the porosity. The resistances of the continuous pores are shown on the 

(Figure 7).  

 

Figure 8 Example of EIS spectrum of specimen type cA 

Figure 9 shows an EIS spectrum, which is well fitted with the structure model shown in the (Figure 3). This 

part of the spectrum informs about electrical resistance of the phase elements - resistivity of the material, 

resistivity of interrupted pores and resistivity of connected pores.  

 

Figure 9 EIS spectrum of specimen type cC 

4. CONCLUSION 

To conclude, the results from diffusion tests and electrochemical impedance spectroscopy show, that the 

addition of silica fume has the biggest influence on reducing the open porosity and thus reducing the diffusion 

of chlorides into concrete. The addition of the fly ash has its benefits too, but according to measured impedance 

spectres, the porosity seems to be very similar to the concrete based on ordinary Portland cement. According 
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to the diffusion tests the protective behaviour of fly ash isn’t stable in time, because after longer diffusion 

experiment the difference between the ordinary cement and the cement with fly ash isn’t markable. 
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Abstract 

The effect of lignitic humic acid in 0.1 M NaCl at pH 7 on low carbon steel was investigated using 

potentiodynamic polarization and immersion test. The morphology and elemental composition of the corrosion 

products were characterized using scanning electron microscopy with energy dispersive spectroscopy. The 

results showed that humic acid accelerated the corrosion of low carbon steel in 0.1 M NaCl. The negative 

effect of humic acid was attributed to the complexation of the molecules with iron ions. After seven days, 

immersion tests revealed that steel in 0.1 M NaCl was covered with the discontinuous black corrosion products, 

whereas humic acid in 0,1 M NaCl induced the formation of a continuous layer of brown corrosion products 

with low adhesion to the surface. The elemental composition of the black and brown corrosion products 

corresponded to Fe3O4 and FeOOH, respectively. 

Keywords: Humic acid, low carbon steel, corrosion, corrosion product 

1. INTRODUCTION 

Low carbon steel is a conventional engineering material widely used for a large range of applications including 

pipes for transport of gas or oil, sheet and strip products, plates, ship sides, wires and many others. The 

disadvantage of the low carbon steel materials is their susceptibility to corrosion, which can lead to dramatic 

degradation of mechanical properties [1]. Many of the low carbon steel components are in contact with water 

and/or soil where they may be subject to corrosion. The failure of the components results in economic costs, 

and even more serious problem is, it can present particularly serious risks to human health and the 

environment [1,2]. It is well known that aggressive ions such as chlorides and sulphates present in water and 

soil cause corrosion of metallic materials. In addition to the inorganic components, water and soil environments 

also contain various naturally occurring organic molecules such humic acids, which can have a significant 

effect on the corrosion behaviour of the metallic material and the properties of the surrounding environment 

[3]. 

Humic acids are the heterogeneous mixture of organic molecules and colloids that are insoluble at pH lower 

than 2. They are characterized by high molecular weight and a high content of oxygen-functional groups such 

as carboxylic and hydroxyl groups. Humic acid occurs not only in water and soil but also in peat, coal and 

leonardite, whereas their chemical-physical properties may differ from each other depending on their origin [4]. 

Humic acids, coal and peat can be used as green fertilizer and/or soil conditioners to improve soil quality [3]. 

These organic acids can then be leached from soils into groundwater and surface water. Also, a number of 

technological operations (e.g. washing processes, transport in coal-water slurry, storage piles exposed to 

water spray) of coal and peat may be associated with the release of humic acids from the matrix. Hence, there 

may be an increase in the amount in the pedosphere and hydrosphere. The occurrence of humic acids in 

different environments allows interactions with metallic materials and influence corrosion behaviour [3,4]. 
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Dick and Rodrigues reported that humic acid in sulphate solution promoted corrosion of the PI 5LX65 steel [5]. 
They related the acceleration of corrosion to the complexing ability of humic acid. Other authors have reported 
that general corrosion occurred when carbon steel was exposed to fresh lake water with humic acid [6]. The 
presence of humic acid accelerated corrosion and led to the formation of weakly bound complexes with 
corrosion products. These organic molecules can also initiate barrier corrosion protection in the case of the 
galvanized steel surface [7]. Humic acid precipitation on the surface of galvanized steel formed a thick layer 
of deposits acting as a physical barrier between the steel component and corrosive environment. Doskočil et 
al. performed corrosion tests of low carbon steel in 3.5% NaCl in the presence of a water-soluble fraction 
obtained from humic acid [8]. The authors found that there was a deterioration of corrosion process during 
short-term measurements, but longer-term tests suggested that there may be an improvement in corrosion 
resistance. In another paper, Doskočil et al. investigated the effect of humic acid in 3.5% NaCl on the corrosion 
of magnesium alloy AZ31 [9]. They observed that the corrosion rate slowed down slightly at pH 5 and 9, while 
corrosion accelerated at pH 7.   

The aim of this work is to investigate the effect of lignitic humic acid on low carbon steels in 0.1 M NaCl at pH 7 
using potentiodynamic measurements. Surface characterization of the corrosion products was also carried 
out.   

2. MATERIAL AND METHODS 

The low carbon steel used in the experiments had the following the nominal composition, with mass ratios of 
0.17 % C, 0.25 % Si, 1.4 % Mn, 0.035 % P and 0.035 % S. The steel bar with a diameter of 1.5 cm was cut 
into circular samples. These samples were ground using a silicon carbide abrasive papers with 800 and 1200 
grit, rinsed with water and isopropanol and dried by hot air.  

An amount of 0.1 grams of lignite humic acid was dissolved in 1 L of 0.1 M NaOH containing 0.1 M NaCl. The 
dissolved humic acid was precipitated by lowering the pH to 7. A pH value of 7 was maintained for one day. 
The solution was filtered through a 0.45 μm pore size filter to separate precipitated humic acids insoluble at 
pH 7. The obtained filtrate of humic acid fraction (HA7) containing 0.1 M NaCl was used for corrosion tests.  

Total organic carbon (TOC) was determined by accredited testing laboratory LABTECH using a Shimadzu 
TOC 5000A analyser according to Czech technical standard ČSN EN 1484. Based on the TOC analysis, three 
corrosion solutions of 0.1 M NaCl containing 10, 25 and 50 mg/L of humic acid carbon were prepared. 

Fourier-transform infrared (FTIR) spectrometry (Nicolet iS50 spectrometer) was used in Attenuated Total 
Reflection (ATR) mode. FTIR spectrum was recorded over the range 4000-400 cm-1 at 4 cm-1 resolutions and 
was the average of 128 scans. The spectrum for air on a clean dry ATR germanium crystal was used as the 
background for the infrared measurements.  

Electrochemical measurements were carried out using VSP-300 potentiostat (Biologic, Seyssinet-Pariset, 
France) at laboratory temperature. The corrosion medium (200 ml) at an initial pH of 7 included 0.1 M NaCl 
and 10, 25 and 50 mg/L HA7 in 0.1 M NaCl. Conventional three electrodes glass cell was used with saturated 
calomel electrode as reference electrode with Luggin capillary bridge, platinum counter electrode and the 
sample with geometric area 1 cm2 as working electrode. The open circuit potential (OCP) was stable within 16 
h and then potentiodynamic measurement was performed between -350 and 500 mV vs. OCP at a scanning 
rate of 1 mV/s. 

The immersion test was carried out for low carbon steel of about 1 cm2 in 200 ml of 0.1 M NaCl solution with 
and without 10 mg/L HA7 at initial pH 7. The test was run at laboratory temperature for seven days. The 
corroded steel surface was characterized in terms of appearance and chemical composition. 

The morphology of steel surface was analysed using a Zeiss EVO LS-10 scanning electron microscope (SEM) 

(Carl Zeiss Ltd., Cambridge, UK) and energy-dispersive X-ray spectroscopy (EDS, model OXFORD 

INSTRUMENTS X-MAX 80 mm2). 
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3. RESULTS AND DISCUSSION 

FTIR spectrum of HA7 is shown in Figure 1 and its interpretation was based on the literature [10-13]. The 

band located in the region 3390-3270 cm-1 can be attributed to hydroxyl groups. Aliphatic groups, including 

methyl and methylene groups, are indicated by the 2901 and 2972 cm-1 bands. These groups were also 

confirmed by the 1450 cm-1 band. The strong band around 1380 cm-1 can be attributed to methyl aromatics. 

The band at 1580 cm-1 is related to aromatic substances. The band around 1650 cm-1 may include carboxyl 

groups, aromatic groups (conjugated ketonic structures). Spectra also contained alcohols (around 1060 cm-1) 

and phenols and ethers (around 1230 cm-1). Out-of-plane C-H deformation bands were found in the 900-700 

cm-1 region. 

 
Figure 1 FTIR spectrum of HA7 

The potentiodynamic polarization curves are shown in Figure 2 and the determined parameters are 

summarized in Table 1. The results show that the presence of humic acid caused the acceleration of corrosion 

of low carbon steel in 0.1 M NaCl. The increase was about twofold after the addition of 10 mg/L HA7 to 0.1 M 

NaCl. Increasing the HA7 concentration from 10 mg/L to 50 mg/L had only a slight effect on the corrosion 

current density value icor (from 2.67 to 2.90 µA/cm2). The negative effect of HA7 on steel corrosion is also 

manifested by a more negative corrosion potential value Ecor compared to 0.1 M NaCl. However, the Ecor value 

at 10 mg/L HA7 was almost the same as that of 0.1 M NaCl. The shape of the potentiodynamic curves in the 

anodic region indicates that HA7 influences the anodic reaction of the low carbon steel. 

This is consistent with the notion of the role of HA7 during corrosion as pointed out in the literature [5-8]. The 

deterioration of low carbon steel corrosion by HA7 can be related to the complexing reaction between the 

released iron ions and oxygen groups such as carboxylic groups. The depletion of iron ions effectively reduces 

the formation of corrosion products that could form a barrier against the corrosive environment entering the 

steel surface. The occurrence of oxygen functional groups in HA7 was detected by FTIR analysis.    
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Figure 2 Potentiodynamic curves for different concentrations of HA7 in 0.1 M NaCl. Dependence of 

logarithm of current density (i) on potential (E) 

Table 1 Electrochemical parameters for different concentrations of HA7 (cHA7) 

cHA7 

(mg/L) 

Ecor 

(V) 
icor 

(µA/cm2) 

0 -0.82 1.18 

10 -0.81 2.98 

25 -0.87 2.67 

50 -0.85 2.90 

The surface of the steel after the immersion test in 0.1 M NaCl was mostly covered with black coloured 

corrosion products, while the central part of the surface appeared to be brownish-black in places. In contrast, 

the surface of the steel corroding in the presence of HA7 was completely covered with a brown layer of 

corrosion products. This layer was characterised by poor cohesiveness and adhesion to the steel surface, as 

the layer was easily detached by rinsing and/or drying after removal from the corrosive environment. 

SEM images for the steel surface after corrosion in 0.1 M NaCl is shown in Figures 3A, B. The morphology 

of the black coloured corrosion products is shown in Figure 3A. The composition is given in Table 2, which 

according to the atomic ratio of O/Fe can be attributed to Fe3O4 (magnetite) [14,15]. The surface with no 

discernible layer of corrosion products revealed the microstructure of the steel. The recognizable ferritic grains 

were preferentially dissolved compared to the perlitic grains. Moreover, the surface was weakly distorted with 

fine particles that could be attributed to FeOOH based on the atomic ratio of O/Fe and the shape of the crystals.  

The morphology of the corrosion products formed on steel in a humic acid environment is shown in Figure 3C. 

The surface was formed by fine crystals with an atomic ratio of O/Fe that corresponded to the chemical 
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composition of FeOOH. Based on literature, appearance and composition, the corrosion product was related 

to lepidocrocite [14,15]. Surface analysis was also carried out at the point from which the corrosion coating 

layer was removed. Figure 3D documented that iron dissolution preferentially took place on the ferrite grains, 

as the perlite grains are more well preserved.  

 

Figure 3 SEM images of steel surface after immersion tests (7 days) in 0.1 M NaCl (A, B) and in 0.1 M NaCl 

containing 10 mg/L HA7 (C, D). Bar represents 100 µm 

Table 2 Elemental analysis of corrosion products after one week of corrosion  

             in 0.1 M NaCl with and without 10 mg/L HA7 

Used environment  0.1 M NaCl 0.1 M NaCl with 10 mg/L HA7 

Element Average 
(at%) 

Average 
(at%) 

C 0 25.1 

O 58.8 49.7 

Fe 41.2 25.2 

4. CONCLUSION 

The results showed that lignitic humic acid in 0.1 M NaCl at pH 7 accelerated the corrosion of low carbon steel. 

Potentiodynamic curves indicate that humic acid affects the anodic corrosion reaction of steel. The aggravation 

of corrosion was explained by the formation of complexes with the released iron ions, thereby reducing the 

formation of corrosion products. Humic acid induced the formation of a continuous brown coating on the 
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surface of the steel, which was mainly of a composition corresponding to FeOOH. In contrast, the steel surface 

in 0.1 M NaCl in the absence of humic acid incoherently coated with black corrosion products with a chemical 

composition attributed to Fe3O4. 
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Abstract 

AZ31 magnesium alloy was subjected to corrosion tests in a 0.9% NaCl containing 0 to 5 g/L D-glucose at 

37 °C. Potentiodynamic measurements were performed in corrosive environments with natural pH and with 

the pH set to 7.4. The results show that glucose in the range of 0.1 to 5 g/L led to a deterioration of the corrosion 

resistance of AZ31 alloy in 0.9% NaCl at an initial pH of 7.4. If the corrosive environment did not have a set 

pH, then a slightly different behavior was observed. Addition of 0.1 g/L glucose to 0.9% NaCl resulted in 

inhibition of corrosion, while higher concentrations accelerated corrosion. The corrosion aggravation was 

related to the oxidation of glucose to gluconic acid, which together with chlorides degraded the Mg(OH)2 layer 

on the AZ31 alloy surface. Surface analysis revealed that the corroded AZ31 alloy was covered with fine 

crystals in the absence of glucose. 

Keywords: AZ31 magnesium alloy, corrosion, glucose, saline 

1. INTRODUCTION 

Magnesium is a metal characterized by light weight, high specific strength, good electromagnetic shielding 

performance, shock resistance, biocompatibility and biodegradability as well [1]. Mg alloys have a wide range 

of applications involving automotive, high-speed railways, aerospace and also biomedical fields. In medicine 

magnesium and its alloys can be used as biodegradable metallic materials; e.g. temporary fixation orthopaedic 

implants (screws, splints, pins, etc.) or coronary stents [1]. The disadvantage of magnesium and its alloys is 

the rapid and uncontrolled degradation in aqueous environments [2]. Therefore, the study of corrosion in the 

presence of various inorganic constituents has received considerable attention. It is well known that the 

presence of chloride ions in body fluids has a particularly significant impact on magnesium corrosion [2,3]. On 

the other hand, phosphates that are present in the blood can form insoluble compounds that can improve the 

corrosion properties of magnesium material [2]. In recent years, attention has also been paid on the role of 

organic substances on the corrosion behaviour of magnesium and its alloys. These molecules may participate 

in accelerating corrosion by limiting the formation of corrosion products, or retarding corrosion by promoting 

nucleation and growth of corrosion products [2].  

The subject of this work will be glucose, which is a natural component of blood, and may interact with 

magnesium-based coronary stents [4]. Glucose is a monosaccharide that is found in nature only as D-glucose. 

In an aqueous environment, it cyclizes to a six-membered hemiacetal ring to form two anomers: α-D-

glucopyranose and β-D-glucopyranose. In aqueous media at laboratory temperature, the β-D-glucopyranose 

anomer predominates and occupies about 64 %. Glucose is naturally found in the blood, where its 

concentration changes with food consumption. It is lower before consumption, whereas it is higher after 

consumption. In healthy individuals, the glucose concentration is between 4.4 and 6.1 mmol/l before eating 

and 7.8 mmol/l within 2 hours after eating. People with diabetes generally have elevated blood glucose levels. 

They usually have a glucose concentration of 7 mmol/l before a meal and can rise to more than 11.1 mmol/l 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

550 

within 2 hours after a meal. Glucose as a 5% solution is also used as an artificial nutrition for intravenous 

administration [4]. 

Recently, several papers have been published dealing with the effect of glucose on the corrosion of 

magnesium and its alloys in different corrosive environments. Zeng et al. [5], for the first time, conducted an 

in-depth study in which they investigated the corrosion of pure magnesium in 0.9% NaCl solution containing 

glucose. According to their findings, the progress of corrosion in 0.9% NaCl solution with glucose occurred in 

several steps. The magnesium was covered with a layer of Mg(OH)2 on which glucose and chlorides were 

adsorbed. The glucose was rapidly oxidized to gluconic acid, which dissolved the Mg(OH)2 layer to magnesium 

gluconate. In addition to the gluconic acid, the surface of the material was also attacked by chloride anions, 

thereby disrupting the porous Mg(OH)2 layer and allowing the solution to gradually permeate further through 

the pores. As a result, magnesium degradation took place faster than in the plain 0,9% NaCl [5].  

Li et al. [6] investigated the effect of glucose on AZ31 alloy in a 0.9% NaCl environment. They found that 

glucose concentration of 1 g/L decreased the corrosion rate, whereas at higher glucose concentrations (2 g/L 

and 3 g/L) the corrosion rate increased. This observation was explained by the authors as glucose formed 

complexes with magnesium ions that adsorbed on the surface of AZ31 alloy, forming a barrier to aggressive 

chlorides. At higher amounts of glucose, it was oxidized to gluconic acid, which effectively contributed to the 

disruption of the Mg(OH)2 coating together with the chlorides. When Tris buffer 

(tris(hydroxymethyl)aminomethane) was also added to 0.9% NaCl, it was found that the rate of alloy corrosion 

increased with increasing glucose concentration (1-3 g/L). According to the authors, the presence of Tris led 

to an alkalinisation of the environment, which accelerated the conversion of glucose to gluconic acid and thus 

also to faster corrosion [6]. 

Opposite to the previous findings, another research group recently published a paper [4] in which corrosion of 

AZ31 alloy was again performed in 0.9% NaCl with 0, 1, 2 and 4 g/L glucose. The authors found that with 

increasing glucose content there was a more pronounced inhibition of AZ31 corrosion. This observation was 

explained by the fact that glucose slowed the rate of accumulation of Mg2+ and OH- ions in solution, allowing 

more time for nucleation and growth of Mg(OH)2 at the alloy surface. Unfortunately, they did not discuss their 

results with the earlier ones published by Li et al. [6]. 

The aim of our work is to investigate the effect of glucose at low and high concentrations on AZ31 alloy at 

temperature 37 °C in 0.9% NaCl under the condition of pH set to 7.4 and unadjusted pH. The corrosion 

behaviour was measured by potentiodynamic polarization and immersion test. The corrosion products were 

characterized by scanning electron microscopy with energy dispersive spectrometer (SEM-EDS). 

2. EXPERIMENTAL 

AZ31 magnesium alloy samples (20 × 20 × 6 mm) were used for corrosion tests. The alloy chemical 

composition was determined using Glow-Discharge Optical Emission Spectroscopy (GDOES); 3.60 % Al, 1.34 

% Zn, 0.28 Mn, 0.03 Si, 0.002 Fe and 0.01 Sn [7]. The samples of AZ31 alloy were ground using 320 and 1200 

SiC grit abrasive papers, washed in distilled water and isopropyl alcohol and then dried by hot air.  

The potentiodynamic measurements were performed at temperature 37 °C using the Bio-Logic VSP-300 

potentiostat (BioLogic, Seyssinet-Pariset, France). The corrosion solutions were composed of 0.9% NaCl 

containing 0, 0.1, 0.2, 0.5, 1, 2, 5 g/L D-glucose. The samples with exposed area of 1 cm2 served as a working 

electrode. Saturated calomel electrode (SCE) was used as a reference electrode and Pt wire as a counter-

electrode. Open circuit potential (OCP) variations with time were recorded up to 30 min of exposure. Afterward, 

Tafel plot was obtained by carrying out potentiodynamic polarization in the potential range from −200 mV to 

350 mV vs. OCP at the scan rate of 1 mV/s. 

Surface analysis of the samples after corrosion was performed using scanning electron microscopy (SEM; 

Carl Zeiss Ltd., Cambridge, UK) with Energy-dispersive X-ray spectroscopy (EDS; model OXFORD 
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INSTRUMENTS X-MAX 80 mm2) was used to examine the surface of the samples after electrochemical testing 

to specify the character of the corrosion products. 

3. RESULTS AND DISCUSSION 

Potentiodynamic measurements were performed in 0.9% NaCl solution without pH adjustment containing 0.1 

- 5 g/L glucose. The characteristic potentiodynamic curves obtained are shown in Figure 1 and the parameters 

obtained as icor and Ecor are summarized in Table 1. The results show that the corrosion current density (icor) 

or corrosion rate was lower only  

for 0.1 g/L glucose compared to 0.9% NaCl. Increasing the amount of glucose in 0.9% NaCl caused an 

acceleration of corrosion of AZ31 alloy, with 5 g/L concentration having the most significant impact on 

corrosion. The corrosion potential (Ecor) for concentrations below 1 g/L glucose was slightly more positive than 

for 0.9% NaCl, but for higher concentrations (including 1 g/L) of glucose the corrosion potential was around 

the value as in the case of the plain 0.9% NaCl. The potentiodynamic curves also clearly show that glucose 

had an effect on the anodic reaction. 

 
Figure 1 Potentiodynamic curves for different concentrations of glucose (Glc) in 0.9% NaCl without pH 

adjustment. Dependence of logarithm of current density (i) on potential (E) 

Figure 2 shows the potentiodynamic curves that were obtained for AZ31 alloy in 0.9% NaCl for various 

concentrations at a pH adjusted to an initial value of 7.4. The curves and evaluated parameters (see Table 1) 

show that corrosion is accelerated in the presence of glucose. A more detailed analysis reveals that the 

corrosion aggravation increases with increasing glucose concentration from 0.1 to 0.5 g/L. However, the 

corrosion behaviour for glucose concentrations from 1 to 5 g/L was very similar and was characterized by a 

lower corrosion current density compared to 0.9% NaCl containing 0.1 to 0.5 g/L glucose. Despite this, the icor 

values were still higher than in the plain 0.9% NaCl. In this respect, the corrosion behaviour differed from that 

described above for corrosive environments without pH adjustment. Thus, it appears that the course of 

corrosion is sensitive to the initial pH. From the point of view of biomedical applications, the results that are 

more significant are of course those realized in environments with a pH of 7.4 corresponding to the natural pH 

of blood. The potentiodynamic curves in Figure 2 also clearly show that glucose had an effect on the course 

of the anodic reaction. The increase in the anodic current density with increasing polarization potential can be 
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explained by the oxidation of glucose to gluconic acid, which disrupts the Mg(OH)2 layer on the surface of 

AZ31 alloy together with chlorides. This explanation is consistent with the literature [5,6,8-10]. The decrease 

in the corrosion rate for higher glucose concentrations (1-5 g/L) can be related to the increase in the viscosity 

of the solution and consequently the limitation of the mobility of ions and molecules at the surface of the 

magnesium material. This mobility limitation may have facilitated the formation of Mg(OH)2. The corrosion 

potentials of Ecor for solutions containing glucose were more negative than those in 0.9% NaCl, indicating the 

susceptibility of AZ31 to corrosion in glucose-containing environments.  

 
Figure 2 Potentiodynamic curves for different concentrations of glucose (Glc) in 0.9% NaCl at initial pH 7.4. 

Dependence of logarithm of current density (i) on potential (E) 

Figure 3A and Figure 3B show the surface of AZ31 alloy after immersion tests in 0.9% NaCl and in 0.9% 

NaCl with 5 g/L glucose, respectively. The surface of AZ31 alloy corroded in plain 0.9% NaCl appears to be 

more uneven and containing coarser particles compared to the surface of the same alloy corroded in 0.9% 

NaCl with 0.5 g/L glucose. Moreover, a more detailed analysis revealed that the surface in the absence of 

glucose in solution was covered with very fine Mg(OH)2 crystals. The presence of similar and low amounts of 
carbon in both environments (see Table 2) indicates that glucose or its oxidized form was not likely to adsorb 

to the surface of the corrosion products. 

Table 1 Electrochemical parameters obtained from potentiodynamic curves for corrosive environments with  

             and without pH adjustment 

Glucose concentration (g/L)  

Without pH adjustment With pH adjustment 7.4 

Ecor 
(V) 

icor 
(µA/cm2) 

Ecor 
(V) 

icor 
(µA/cm2) 

0 -1.47 25.57 -1.42 16.18 

0.1 -1.45 21.82 -1.47 31.23 

0.2 - - -1.47 33.78 

0.5 -1.45 171.0 -1.47 44.31 

1 -1.48 109.6 -1.46 28.25 

2 -1.48 116.3 -1.47 30.97 

5 -1.48 235.7 -1.46 25.39 
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Figure 3 SEM images of corrosion products on the AZ31 alloy after one week corrosion in 0.9% NaCl 

without glucose at pH 7.4 (A) and in 0.9% NaCl with 0.5 g/L glucose at pH 7.4 (B). Bar represents 100 µm 

Table 2 Elemental analysis of corrosion products after one week of corrosion in 0.9% NaCl without glucose  

             at pH 7.4 and in 0.9% NaCl with 0.5 g/L glucose at pH 7.4 

Element  

0.9% NaCl 0.9% NaCl with 0.5 g/L glucose 

Average 
(wt%) 

Average 
(at%) 

Average 
(wt%) 

Average 
(at%) 

C 1.86 2.96 4.39 6.85 

O 49.89 59.58 50.71 59.41 

Mg 46.74 36.72 39.28 30.29 

Al 0.73 0.51 2.92 2.03 

Cl - - 2.71 1.43 

Zn 0.78 0.23 - - 

4. CONCLUSION 

Glucose causes the deterioration of corrosion resistance of AZ31 magnesium alloy in a 0.9% NaCl 

environment at 37 °C and at an initial pH of 7.4. It was observed that increasing glucose concentration from 

0.1 to 0.5 g/L increased the corrosion rate, which subsequently decreased from a glucose concentration of 1 

g/L. However, the corrosion rate was still higher than that in 0.9% NaCl. If corrosion tests were performed in 

an environment without pH adjustment, a slightly different behavior was observed. The 0.9% NaCl solution 

with 0.1 g/L glucose increased the corrosion resistance compared to 0.9% NaCl. Further addition of glucose 

resulted in accelerated corrosion as observed in the pH adjusted environment of 7.4. This highlights the 

importance of the initial pH of the corrosion environment. The aggravation of corrosion is related to the 

oxidation of glucose to gluconic acid, which together with chlorides upset the Mg(OH)2 layer at the surface of 

the AZ31 alloy, in accordance with the literature. It seems that the presence of glucose had a slight effect on 

the surface morphology, since the surface of AZ31 alloy after corrosion in plain 0.9% NaCl was additionally 

covered with fine Mg(OH)2 crystals. 
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Abstract  

The materials’ resistance to brittle fracture is a very important parameter for the characterization of PVD 

coatings. The fracture toughness of solid materials is determined by the critical value of the stress 

concentration coefficient KIc [1,2]. There are different models for determining the KIc coefficient of thin coatings. 

The most often used is the method proposed by Niihara [3] and Laugier [4].  

In this work, the authors present the possibility of characterization of the fracture toughness in mode I (KIc) for 

selected PVD coatings. The Young’s modulus, hardness and fracture toughness of these coatings are 

extracted from nanoindentation experiments. The fracture toughness was evaluated using the calculation of 

crack length measurement, which was generated by the Vickers and Berkovich indenter. An important 

observation is that it is possible to use the micro indentation and nanoindentation methods for the mechanical 

characterization of micro-volume systems.  

Keywords: PVD coatings, fracture toughness, Laugier model, Niihara model 

1. INTRODUCTION 

The fracture toughness in mode I (KIc) is determined by the material’s resistance to brittle cracking. Recently 

much attention has been focused on a large amount of fracture toughness (KIc) especially for thin coatings, 

using the nanointendance method. The use of penetration method to study of the fracture toughness KIC was 

proposed in the 1970s by Evans and Charles [5], who observed the relation between crack lengths, which was 

generated in the corners of Vickers [6] indenter during the hardness test and the value of KIc [7]. There are 

less information about using of the nanoindentation technique with Berkovich indenter dedicated to Laugier 

model [4], which determined the fracture toughness for thin coatings. The first work in this area were the 

research of Laugier [4], Dukino [8] and Ouchterlony [9], who modified the Niihara model [3]. The limited values 

of the KIc parameter test for coatings using the nanoindentation method also result from the great difficulties in 

interpreting the obtained results, which is due to the significant and often deliberate heterogeneity of the 

coatings, including e.e. multilayer and phase differentiation. Our motivation was the lack of systematization of 

methodological principles in fracture toughness analysis for PVD coatings, including: the hardness range of 

coatings where the use of the method is justified, the possibility of comparing coatings with different parameters 

(e.g. hardness thickness) or the influence of the substrate on the obtained results. The mechanical 

characterization of PVD coatings is of great importance for the process of optimization and development of 

material solutions  

In the article, we focused on showing the possibility of measuring the KIc coefficient for thin PVD coatings with 

the use of analytical models by Niihara [3] and Laugier [4]. The aim of the research was to propose a method 

for determining the KIc coefficient of thin PVD coatings using the nanoindentation method. In the article, the 

Laugier model was used to analyze changes in fracture toughness (KIc) for ceramic-based TiB2 coatings doped 

with chromium. For comparison is shown Niihara model, which was used to analyze of KIc coefficient for TiN 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

556 

coating deposited by an arc evaporation method. Both models give a good tool for analyzing this type of 

coating.  

2. METHODOLOGY  

2.1. Coating deposition  

TiB2 coatings doped with different concentrations of chromium were obtained by DC magnetron sputtering 

method using original magnetron systems made by Łukasiewicz Research Network - Institute for Sustainable 

Technology in Radom (Ł-ITeE Radom) with a Balzers pump system (Radom, Poland) with two circular 

magnetrons placed at an angle of 120o to each other. In the deposition process was using two targets made 

of TiB2 and pure - Cr ( diameter d=100 mm and thickness g=7 mm) similar to the procedure presented in the 

paper [10]. The TiB2 and Ti-B-Cr coatings were deposited in an atmosphere of pure argon (Ar 100 %). The 

tested coatings were deposited on the samples made of steel W320 (42,5 HRC). Before deposition, the 

chamber was evacuated to the pressure 4 x 10-3 mbar and substrates were heated up to 300oC. The TiB2 

deposition was carried out under imput power 2000 W and power of chromium: 70 W, 100W and 165 W. The 

deposition time of each coating was 60 min. 

For the purpose of analysis of the thickness of deposited coatings on the cracking mechanism intensity, the 

TiN coating was chosen. The technological process was performed by using PVD Standard 3 technical devices 

using the arc evaporation method with the source current I=60 A. The TiN coating were deposited on steel 

S600(61,5 HRC).  

2.2. Microstructure and mechanical properties  

The analysis of the microstructure was carried out using a Hitachi TM3000 Scanning Electron Microscope 

(SEM). Samples of W320 and S600 coated with the deposition coatings were subjected to hardness testing 

and Young’s modulus. The results of the basic mechanical properties of the TiB2 coatings and TiB2 doped with 

chromium, including hardness and Young modulus were performed using the CSM - TTX/ NHT2 CSM - 

TTX/NHT2 nano-hardness tester by Anton Paar. Maximum penetration depth was determined by the thickness 

of 10 % of the total thickness of the coating according to the procedure. For each of the tested samples were 

performed 15 measurements of hardness and Young’s modulus. Then 10 mean values were determined from 

among 10 representative measurements. The procedure of investigating mechanical properties was the same 

for TiN coating.  

2.3. Fracture toughness 

One of the methods which are dedicated to the evaluation of fracture toughness for PVD coating is the Niihara 

model. Niihara model [3,11,12] is based on the Vickers indenter. Niihara formula contains the Vickers hardness 

(HV) and Young’s modulus of the tested material. The most important relationship, which allows the selection 

of the model is the value of the ratio l/a (l - length of cracks, a - diagonal of the indenter), which should be in 

the range 0.1 <(l/0.5a)<1.5. The scheme of the cracks and method of analysis are shown in Figure 1. For 

generating visible cracks, which are necessary for fracture toughness analysis the FutureTech hardness tester 

was used, which is equipped with Vickers indenter. This tester allows for making measurements in the range 

of 0.3-30 kgf (2.9- 294.19 N). The fracture toughness was calculates in accordance with Equation 1. 

S5X = 1.1jRÑ√f
6;789:B�.o   � �å

                                                                                                                                                 (1) 

where 0.035 - constant equal, HV -Vickers hardness [GPa], E - Young’s modulus [GPa], K- the average length 

of cracks [µm], ¨ - the length of the half diagonal of the indentation [µm], φ=3 - factor 3.  
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The Laugier [4,10,13] model is the only method for determining the KIc coefficient, which uses the penetration 

method and a Berkovich indenter. This model is designed directly for testing smooth and thin coatings. The 

Laugier model takes the load applied on the indenter as well as the hardness and Young’s modulus of the 

testing coatings (2). The schematic view of the method and analysis of the generated cracks are shown in 

Figure 2. For measurements of our samples, the nanohardness tester equipped with Berkovich indenter with 

the possibility of load range 5- 500 mN. The measured value was used to determine fracture toughness in 

accordance with Equation 2.  

S5X = �; ∙ ¡〖f
<£〗<� ∙ ¡〖ÐÑ£〗�l ∙ þ

Xl�                                                                                                                           (2) 

where �; =0,016 -constant equal,  ë- hardness, 2 - Young modulus [GPa], { - applied load, ¨ - distance 

between corner to the center of indentation [µm], K - the average crack length,  W - amounting ¨ and K.  

 

3. RESULTS 

3.1. Coating characterization 

The analysis of the available analytical models for determination of the fracture toughness KIc of PVD coatings 

by the penetration methods, showed that the observation of the elastic-plastic properties of the tested coatings 

is needed i.e. hardness and Young’s modulus. For this purpose, the thickness, the hardness (H) and Young’s 

modulus (E) were determined for all 5 PVD coatings selected for the tests. The ratios H/E and H3/E2 were 

calculated. The H/E determines the resistance of the coating to elastic deformation, while H3/E2 an indicator 

of the resistance to plastic deformation and an increase in this leads to an improvement in the load capacity. 

The basic mechanical properties of the presented coatings are shown in Table 1 and Table 2. 

Figure 1 The scheme of Niihara model with the using of 

Vickers indenter with generated cracks in the range 

0.1 < (l / 0.5a) < 1.5. 

Figure 2 Illustration of the Laugier model for determination of the 

KIc coefficient with Berkovich indenter 
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3.2. Determination of the Fracture Toughness KIc 

The hardness of the obtained TiB2 and TiB2 doped by chromium coatings is about 30 GPa. It means that this 

coating can be classified as a superhard coating. The H3/E2 index (plasticity deformation index) decreased 

with an increase in chromium concentrations.  

According to the described methodology in [10,13], 20 indentations were made with selected indenter load (P) 

for coatings TiB2, TiBCr (3%), TiBCr (6%) and TiBCr (10%). It was demonstrated, that crack initiation in the 

group of TiB2, TiBCr (3%), TiBCr (6%) and TiBCr (10%) coatings occurs when the critical load is exceeded, 

which changes for various coatings and different substrate parameters. The fracture toughness test was 

performed by measuring the length of cracks in the corners of the indentations made with a Berkovich indenter 

with different loads in the range P = 200 - 500 mN based on the Laugier formula [4,10]. The average values of 

l and a were determined for each indentation for the whole series 20 indentations The results of the fracture 

toughness tests are presented in Table 1 as a parameter KIc. The analysis carried out on the Laugier model 

presented that doping of chromium significantly influences the increase of fracture toughness value for 

coatings based on TiB2. The view of the cracks obtained at the load P = 400 mN and the method of measuring 

the parameters of the generated cracks for TiBCr (3%) coatings is shown in Figure 3. The authors observed 

that values a are in the range 3.70 - 7.01 µm, values l are in the range 0.71 - 3.07 µm and the values KIc are 

in the range 1.51 - 6.23 MPa*m1/2. 

Table 1 The characteristic parameters of mechanical properties: thickness,load, hardness, Young’s modulus  

              and H/E and H3/E2 for TiB2 and Ti-B-Cr coatings for calculation of the fracture toughness by the  

              Laugier model. 

Coating 
Thickness 

(µm) 

Load 

P 

(mN) 

Hardness 

H (GPa) 

Young’s 
modulus 

E (GPa) 

H/E H3/E2 a 

(um) 

l 

(um) 
KIc 

(MPa*m1/2) 

TiB2 1.60 300 34.5 410 0.084 0.244 3.70 1.73 2.84 

TiBCr(3%) 1.73 400 33.3 393 0.085 0.239 6.60 3.04 1.60 

TiBCr(6%) 1.73 350 32.5 388 0.084 0.228 5.42 3.07 1.51 

TiBCr(10%) 1.79 500 30.3 383 0.079 0.190 7.01 0.71 6.23 

The second step of our methodology work was to find the model, which can be dedicated for TiN coatings 

deposited by arc evaporation. After measurement of hardness and Young‘s modulus of our samples deposited 

by arc evaporation, we choose the Niihara model [3,11]. According to the adopted methodology, metal nitride 
TiN coating was selected for tests deposited by the low-pressure electric arc evaporation method with a 

thickness of gTiN= 3.10 µm. The indentations were made in laboratory conditions using a FutureTech hardness 

tester, with the following loads: 0.5 kgf (4.9N), 1 kgf (9.8N), 3kgf (29.4N), 5kgf (49 N) and 10 kgf (98 N). For 

each coating, there are made some indentations with selected P, which is higher like in TiB2 coatings and 

better to show in kgf. The observations and measurements of fracture parameters were made using the Hitachi 

TM3000 Scanning Electron Microscope (SEM). The value of Young’s modulus was determined by the 

penetration method using the CSM - TTX/ NHT2 CSM - TTX/NHT2 nano-hardness tester by Anton Paar, while 

the HV hardness value was the value determined during the making of the impression. In addition, the influence 

of coating thickness was assessed in the process of determining the KIc coefficient of the tested coatings. After 

the first measurements series, which was performed in the entire load range, the coatings were polished for 

reducing their thickness by about 0.5 µm. The example of Vickers indentations for thickness 0.81 um were 

shown in Figure 3b. An important observation is, that the H3/E2 index increased with decreasing of the 

thickness. The average values of a and l are increasing when the thickness of coatings are decreasing.  
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The results of measurements of fracture toughness coefficient for TiN coatings show that the values KIc are in 

the range 10.00 -13.00 MPa*m1/2 for thickness coating of 3.10 um and in the range 6.23-14.18 MPa*m1/2 for 

thickness coating 0.81 um (Table 2). 

 
Figure 3 The example SEM images of groups indentation used for fracture toughness analysis (KIc) for 

TiBCr(3%) coatings a) series of 20 indentations with a Berkovich indenter at a load of P = 400 mN and 

dimensional analysis of crack lengths for different indentations where n=1,2,6,7. b) The example SEM 

images of a group of indentations made with the Vickers indenter in a coating with a thickness of gTiN =0.81 

µm at different indenter loads (0.5 kgf, 1 kgf, 3 kgf,5 kgf and 10 kgf). 

Table 2 The characteristic parameters of mechanical properties: thickness, load, hardness, Young’s modulus  

             and H/E and H3/E2 for TiN coatings for calculation of the fracture toughness by the Niihara model. 

Coating 
Thickness 

(µm) 

Load 

P 

(kgf) 

Hardness 

HV (GPa) 

Young’s 
modulus 

E (GPa) 

H/E H3/E2 a 

(um) 

l 

(um) 
KIc 

(MPa*m1/2) 

TiN 

3.10 3 25.7 388 0.066 0.113 38.2 8 10.16 

3.10 5 25.7 388 0.066 0.113 55 10 12.00 

3.10 10 25.7 388 0.066 0.113 71.66 15 13.00 

0.81 0.5 20.4 353 0.060 0.070 16 3 6.23 

0.81 1 20.4 353 0.060 0.070 22 4 7.69 

0.81 3 20.4 353 0.060 0.070 39 7 9.28 

0.81 5 20.4 353 0.060 0.070 51 8 12.54 

0.81 10 20.4 353 0.060 0.070 73 11 14.80 
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4. CONCLUSION 

In the article, the authors presented the basic information about using Niihara and Laugier models for 

determining KIc coefficient of different PVD coatings. The very important observation is that values of KIc are 

increasing with the concentration of chromium for coating based on TiB2. The highest value of KIc was 

calculated for TiBCr(10%) (KIc=6.23 MPa*m1/2) deposited on steel W320. For calculation of KIc for this type of 

coatings Laugier model was used. Another area of analysis was investigated of TiN coating with thickness 

around of 3.10 µm deposited by arc evaporation method. In this particular case, the authors decided to used 

Niihara model with Vickers intender for determining KIc values of these coatings. Our investigation show that 

the values fracture toughness are increasing with decreasing of the coating thickness. Our short analysis, 

which the authors presented in the paper show that it is possible to use Niihara and Laugier model for the 

evaluation of resistance to the brittle cracking of selected PVD coatings.  
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Abstract 

Protection of the lead and lead-tin alloys stored in museum and archive depositories under adverse conditions 

(environment polluted by organic compound, mainly acetic acid) is based on the use of protective coatings 

(corrosion inhibitors, waxes and varnishes). The aim of this work was to test long-term stability and inhibition 

efficiency of mainly used protective coatings and final visual appearance of treated lead and lead-tin alloy 

surface. The monitored parameters were weight gain, color change and change of hydrophobic properties on 

samples of lead and lead-tin alloys after 2 years in a room environment and after 4 months in an atmosphere 

polluted with acetic acid. 

Keywords: Protective coatings, lead corrosion, corrosion inhibitors 

1. INTRODUCTION 

Cultural heritage objects are often sensitive to atmospheric conditions, their corrosion damage represents not 

only financial losses, but especially a loss of historical value [1]. Therefore, it is very important to find a long-

term effective system for their protection. One of the possibilities is protective coatings - waxes, varnishes and 

selected corrosion inhibitors (especially BTA) are used in restoration practice [2]. For the protection of cultural 

monuments, it is necessary that the chosen protection does not change the appearance of the surface of the 

treated object, it is reversible, non-toxic and easy to use [1,2]. Due to lead high corrosion resistance, many of 

lead and lead-tin alloy artefacts are stored in museums and archives in an inappropriate environment with the 

presence of organic acids (mainly acetic acid) to which lead is sensitive [3]. In this paper, the long-term stability 

and anticorrosion effectiveness in an environment contaminated with acetic acid corrosion inhibitors 

(benztriazole, cyclohexylamine, thiourea and sodium benzoate), sodium decanoate, microcrystalline wax and 

Paraloid B48N, which are discussed in literature and used in restoration practice, will be examined. 

2. EXPERIMENTAL PART 

Lead samples (A = Pb 99.9 %) and lead-tin alloy samples (B = Pb 37 %, Sn 63 %) in dimension 3x8x0.1 cm 

were used in this work. Samples were grinded with abrasive wadding (3M Scotch-Brite CF-MF), subsequent 

rinsing with ethanol and then air drying. The coated surface was obtained by:  

 immersing the samples into the 0.05 mol·l-1 sodium decanoate (NaC10) aqueous solution for 24 hours, 

subsequent rinsing by distilled water, ethanol and then air drying for 24 hours, 

 immersing the samples into the one from different corrosion inhibitor solutions (0.05 moll-1 thiourea 

aqueous solution, 1.4 moll-1 sodium benzoate aqueous solution, 0.03 mol·l-1 ethanol solution of 

cyclohexylamine (CHA) and 0.03 mol·l-1 ethanol solution of 1,2,3-benzotriazole (BTA)) for 2 hours, 

subsequent rinsing by distilled water, ethanol and then air drying for 24 hours, 
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 covering the samples with 10 % solution of Paraloid B48N in xylene, 10 % solution of Paraloid B48N in 

xylene enriched with 3 wt% of BTA, 15 % solution of microcrystalline wax in benzine (pre-heated for 60 

- 70 °C) or 15 % solution of microcrystalline wax in benzine enriched with 3 wt% of BTA (pre-heated for 

60 - 70 °C) with a paintbrush and then air drying for 24 hours. 

The serial numbers of protective coatings used in this work are mentioned in following Table 1: 

Table 1 The serial numbers of protective coatings used in this work 

no 
coating 

NaC10 thiourea 
sodium 

benzoate 
CHA BTA 

Paraloid 
B48N 

Microcryst. 
wax 

Paraloid 
B48N + BTA 

Microcryst. 
wax + BTA 

1 5 8 9 10 11 13 18 21 22 

The samples with protective coatings (2 samples of each protective coating) and two samples without coating 

were exposed in two different environments: a room environment and circulating humid (RH 100 %) corrosive 

atmosphere provided by acetic acid solution in concentration 0.01 mol·l-1 (AA), the concentration of acetic acid 

in the atmosphere ranged from 0.6 to 0.3 ppm.  

The observation of the hydrophobic properties of the protective coatings was carried out by the contact angles 

measurement by goniometer SEESystem (Advex Instruments, s.r.o.). The contact angles were measured on 

2 samples of each protective coating, 5 measurements were done on each sample.  

The color changes on the exposed samples in the CIE L*a*b* color space (CIELAB) were monitored regularly 

using a portable Konica Minolta CM-700d spectrophotometer (aperture 8 mm, SCI mode) (Konica Minolta 

GmbH). The color was measured on 2 samples of each protective coating, 5 measurements were done on 

each sample. The color change (ΔE*) on exposed samples were calculated according to equation (1): 

∆2∗ = �〖G∆º〗∗J) + G〖∆¨∗J〗) + G〖∆�∗J〗)            (1) 

where ∆L*, ∆a* and ∆b* represent the difference between the average value of the parameter measured before 

and after exposure. 

The inhibition efficiency of protection coatings was determined from mass increase of exposed samples after 

exposure in AA. 

3. RESULTS AND DISCUSSION 

3.1. Mass increas 

No sample of lead or lead-tin alloy changed weight during two years of exposure in a room environment. The 

inhibition efficiency of protection coatings was determined from the difference between the average mass 

values of exposed samples before (mbe) and after (mae) exposure in AA (Table 2 and Table 3). 

Table 2 Average values of weight gain (Δm = mae - mbe) on lead samples after exposure in AA 

Δm (g) A1 A5 A8 A9 A10 A11 A13 A18 A21 A22 

2 years on air + 4 months in AA 0.05 0.07 0.23 0.07 0.08 0.08 0.05 0.07 0.04 0.07 

24 hours on air + 4 months in AA 0.06 0.05 0.06 0 0.08 0.07 0.06 0.04 0.02 0.03 

According to the values given in Table 2, the only one protective coating for lead in an acetic acid polluted 

atmosphere is BTA-enriched Paraloid B48N (A21), which shows the highest inhibition efficiency (slightly higher 
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efficiency than for non-treated samples) in both freshly after application and after 2 years exposition in room 

environment. For non-treated lead samples, a passive layer formed on the air slightly protects the lead in the 

environment with acetic acid, on the other hand, for all monitored coatings, their anti-corrosion efficiency 

deteriorates after 2 years from their application. The colored values in Table 2 show a significant reduction in 

the effectiveness of the coating after 2 years of its application (especially for the thiourea (A8), also for sodium 

benzoate (A9) and coatings based on microcrystalline wax (A18, A22) where local corrosion may occur due 

to insufficient adhesion of the coating to the sample surface). 

Table 3 Average values of weight gain (Δm = mae - mbe) on lead-tin alloy samples after exposure in AA 

Δm (g) B1 B5 B8 B9 B10 B11 B13 B18 B21 B22 

2 years on air + 4 months in AA 0.04 0.02 0.03 0.04 0.03 0 0.01 0 0 0 

24 hours on air + 4 months in AA 0.02 0.01 0.02 0.02 0.02 0.02 0 0 0 0 

For lead-tin alloys, generally more resistant to acetic acid than pure lead, coatings based on BTA (B11), 

Paraloid B48N (B13), microcrystalline wax (B18) and their combination (B21, B22) can promote acetic acid 

resistance (Table 3). In contrast to pure lead, the corrosion resistance of lead-tin alloys to acetic acid 

deteriorates after prolonged exposure to air. 

3.2. Final visual appearance 

Figure 1 shows the condition of lead samples after 2 years of exposure in a room environment. The surface 

of untreated lead samples (A1), treated with sodium benzoate (A9) and BTA (A11), significantly darkened and 

turned blue. The surface of the CHA (A10) treated sample turned white. Even under the conversion coatings 

(A13, A18, A21 and A22) the surface of the lead samples darkened. Only the samples treated with thiourea 

(A8) did not darken the surface. Treatment of lead and lead-tin alloy samples with NaC10 (A5, B5) caused a 

non-stick whitish soap layer. Microcrystalline wax coatings caused opacity of the sample surface (A13, B13, 

A21 and B21). Paraloid B48N coatings increased the surface gloss of the samples (A18, B18, A22 and B22). 

The addition of undissolved BTA in the coating is visible on the surface of samples A21, B21, A22 and B22. 

 

Figure 1 Appearance of lead samples (A, upper row) and lead-tin alloy samples (B, bottom row) after 2 

years of exposure in a room environment 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

564 

The samples of lead and lead-tin alloys, which were placed in an AA environment for 4 months after 2 years 

in a room environment (Figure 2), show the ineffectiveness of inhibitors thiourea (A8, B8), sodium benzoate 

(A9, B9), CHA (A10, B10) and BTA (A11, B11). The coating formed with NaC10 (A5, B5) proves to be effective 

against corrosion of lead and lead-tin alloys, but it significantly modifies the metal surface (white soap layer). 

Lead samples with microcrystalline wax and Paraloid B48N coatings (A13, A18, A21 and A22) show local 

corrosion attack of samples, red lead oxide (lithargite) even appears under microcrystalline wax coating (A18, 

A22), indicating high oxygen permeability of the coating. For lead-tin alloy samples, coatings based on BTA, 

Paraloid B48N and their combination (B11, B18 and B22) prevented corrosion. Lead-tin alloy samples with 

microcrystalline wax coatings (B13 and B21) show local corrosion attack of samples. 

 

Figure 2 Appearance of lead samples (A, upper row) and lead-tin alloy samples (B, bottom row) after 2 

years of exposure in a room environment and 4 months in AA 

3.3. Color change 

The results of the color measurements are in accordance with the real surface conditions of the lead and lead-

tin alloy samples described in the previous chapter (Figure 1 and Figure 2). The color change (ΔE*) on 

exposed samples were calculated according to equation (1) from the difference between the average values 

of the parameter measured of exposed samples before and after exposure (Table 4 and Table 5). The color 

highlighting of Table 4 and Table 5 is explained in Table 6. 

Table 4 Average values of color change (ΔE*) of lead samples surface under protective coatings after 1 and  

             2 years exposure in room environment and 4 months in AA 

ΔE* A1 A5 A8 A9 A10 A11 A13 A18 A21 A22 

1 year on air 31.7 6.6 1.5 15.0 11.4 32.9 8.9 11.0 11.4 5.5 

2 years on air 32.6 8.3 2.1 19.1 11.5 29.9 9.6 13.5 10.1 7.1 

2 years on air + 4 months in AA 4.3 13.0 8.6 - 8.4 14.5 15.7 15.7 10.7 9.5 

24 hours on air + 4 months in AA 7.4 18.4 15.2 - 14.3 20.7 12.5 16.0 12.6 15.5 
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Table 5 Average values of color change (ΔE*) of lead-tin alloy samples surface under protective coatings after  

             1 and 2 years exposure in room environment and 4 months in AA 

ΔE*  B1 B5 B8 B9 B10 B11 B13 B18 B21 B22 

1 year on air 1.5 0.7 7.5 6.3 13.1 4.1 2.2 1.7 3.0 6.8 

2 years on air 2.1 1.0 7.8 5.7 12.7 3.8 2.8 1.6 3.4 7.2 

2 years on air + 4 months in AA 12.1 5.4 4.8 9.4 11.3 8.3 4.6 1.8 5.3 6.9 

24 hours on air + 4 months in AA 10.5 1.6 12.1 12.9 13.8 14.3 2.7 0.6 3.5 1.5 

Due to the higher corrosion resistance of the lead-tin alloy, the color change values given in Table 5 are lower 

than the values for lead in Table 4. 

Table 6 Verbal explanation of the meaning of color change (ΔE*) values  

ΔE* 0.2 - 1.0 1.0 - 2.0 2.0 - 4.0 4.0 - 8.0 8.0 - 16.0 16.0 < 

characterisation perceivable distinguishable not disturbing yet slightly disturbing significant disturbing 

3.4. Hydrophobic properties 

Figure 3 and Figure 4 show the expected result of a small change in the hydrophobic character of conversion 

coatings (especially microcrystalline wax coatings (A18, B18, A22 and A22)) on both lead and lead-tin alloy 

samples, both at room exposure and during subsequent exposure in AA. In the case of samples with inhibitor 

coatings, there is a visible difference in the hydrophobic behavior of the coatings on lead and on lead-tin alloy. 

 

Figure 3 Average values of contact angle (Υ) measured on lead samples during indoor exposure and 

subsequent exposure in AA 
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Figure 4 Average values of contact angle (Υ) measured on lead samples during indoor exposure and 

subsequent exposure in AA 

4. CONCLUSION 

Within the set of protective coatings we monitored, it was not possible to find a coating suitable for lead. None 

of the monitored coatings was able to effectively protect lead against corrosion in an acetic acid polluted 

environment (according to weight gain values, the BTA-enriched Paraloid B48N coating was best, but also 

showed local corrosion of the lead surface) and except for the thiourea treated sample (this coating showed 

worst corrosion protection of lead in the environment with acetic acid) there were significant visual changes in 

the lead surface in all monitored samples, which disagrees with the restoration ethics. For lead-tin alloy 

samples, the Paraloid B48N coating and the BTA inhibitory coating appear as anti-corrosion coatings with an 

imperceptible change in the sample surface. The disadvantages of these coatings are toxicity and low to zero 

reversibility. 
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Abstract  

Electrical discharge machining is one of the advanced processing technologies widely used to machine micro-

hole. However, advances in materials engineering that lead to the production of new nickel-based superalloys 

require the development of new machining technologies. In addition, new sustainable EDM conditions to 

achieve the desired geometric quality of manufacturing holes are needed. In this study, a series of experiments 

of EDM drilling of holes were performed. The influence of capacitor capacity, discharge time, and discharge 

break time on the geometry accuracy of manufacturing holes was investigated and described. 

Keywords: EDM, electrical discharge machining, holes, geometry accuracy 

1. INTRODUCTION 

Effective manufacturing of long holes in difficult to cut materials is recently a key factor in producing a wide 

range of advanced components e.g., fuel atomizer, dies or aero-gas turbine engines. Many of these parts 

require materials with unique properties: high strength-to-weight ratio and corrosion resistance at high 

temperature and pressure. One of the modern difficult to cut superalloys that are widely used in the 

aeronautical industry is Inconel 718 [1-3]. Due to its properties, it finds particular applications for turbine blades. 

In the structure of blade the are many holes that must be effective produce. Currently, sustainable 

technological methods are sought to make high aspect-ratio holes in superalloys [4-7]. Due to the capabilities 

of electrical discharge machining which enables the processing of electrical conductive materials regardless 

of their hardness or chemical composition, much research is focused on manufacturing high aspect-ratio holes 

in superalloys with EDM. Predicting favorable machining conditions for the required dimensional and shape 

accuracy of manufacturing holes plays a key role [8-11]. The dimensional and shape accuracy of the holes 

also depends on the processing parameters: flushing pressure, discharge voltage and current, time discharge 

and interval [12-14]. Much research was focused on the improving surface roughness of manufacturing holes 

and MRR [15-16], however a relatively small number of research concerned the analysis of the dimensional 

and shape accuracy of the holes made. Therefore in this study the main attention was focused on the analysis 

of the obtained hole diameter and roundness deviation during EDM of Inconel 718. The main goal of this 

research is a better understanding of the relationship between the influence EDM process parameters: the 

main attention was focused on the analysis of the obtained hole diameter and roundness deviation. 

2. MATERIALS AND METHODS  

The present paper was focused on the analyses of the influence of EDM parameters on the geometric quality 

of manufacturing holes. Experimental studies were conducted on GF Machining Drill 20 machine. The holes 

were processed with the brass tube electrode - with a diameter of 2 mm. Through the electrode deionized 

water was delivered to the gap. Experiments were conducted with the following machining conditions: 

discharge time in the range ton = 10 -90 µs, time interval toff = 10 - 90 µs, and capacitor capacity C = 50 - 100 
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µF. Discharge voltage and rotation of electrode were constant and they were 

equal U = 30 V and S  =300 rpm, respectively. The study was conducted with the 

design of experiment BoxBehnken, three-level, and three parameters. The fifteen 

samples were drilled with different EDM parameters (Figure 1). 

The diameter of manufacturing holes and roundness deviation were measured 

on a Carl Zeiss coordinate measuring machine. A measurement strategy was 

determined in the Calypso software - the head movement path and the number 

of points were determined. Figure 2 shows the scheme of hole geometry. 

Measurement of the D1 - entrance diameter, D2 - exit diameter was performed 

on the 1 mm below the surface of workpiece. The roundness deviation Rd1 and 

Rd2 were measured on the section h1 - 3 mm below surface workpiece. employ 

reports on the performed measurements generated in Calypso and scheme of 

measuring procedure. 

3. RESULTS AND 
DISCUSSION 

An experimental investigation of the 

influence of the EDM process 

parameters on the geometric quality 

of manufacturing holes was carried 

out using response surface 

methodology (RSM). Table 1 shows 

the levels of machining parameters 

carried out in the experimental 

design and observed values. 

Table 1 Design of the experimental matrix 

No. 
EDM paramters  Observed values 

ton (µs) toff (µs) C (µF) D1 (mm) D2 (mm) Rd1 (mm) Rd2 (mm) 

1. 10 10 68 2.1757 2.0871 0.0218 0.0266 

2. 90 10 68 2.2825 2.0871 0.0297 0.0426 

3. 10 90 68 2.1625 2.0585 0.0181 0.0158 

4. 90 90 68 2.2589 2.1343 0.0254 0.0267 

5. 10 50 51 2.132 2.0896 0.0157 0.014 

6. 90 50 51 2.192 2.099 0.0245 0.0307 

7. 10 50 90 2.1847 2.132 0.0138 0.0184 

8. 90 50 90 2.2723 2.2141 0.0225 0.0397 

9. 50 10 51 2.1955 2.1827 0.0292 0.0284 

10. 50 90 51 2.198 2.1416 0.0253 0.0224 

11. 50 10 90 2.2468 2.1934 0.0315 0.0335 

12. 50 90 90 2.208 2.2156 0.0217 0.0278 

13. 50 50 68 2.1557 2.13 0.0214 0.0254 

14. 50 50 68 2.1432 2.1289 0.0213 0.0253 

15. 50 50 68 2.1445 2.131 0.0216 0.0257 

(a)  (b)  

Figure 2 The scheme o measuring: (a) hole geometry, (b) graphical 

presentation of measured roundness deviation  

Figure 1 Hole after 

EDM 
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Response surface methodology was used to build empirical models of influence EDM parameters on the 

diameter and roundness deviation manufacturing holes. In the first stage, the analysis of different regression 

models was carried out. The best fit between prediction models and experimental data was found for the 

polynomial function of the second degree:  
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In the next step, the analysis of variance (ANOVA) was used to estimate the regression models. The 

significance of each factor in the response function was checked at a 95 % coefficient level (Table 2). For each 

regression model the coefficient of determinationR2 and the adjusted coefficient of determination, R2-Adj were 

calculated. After removing nonsignificant factors following response function was obtained:  

�� = 2.207 + 0.087 ∙ t=Å − 0.026 ∙ MgU) − 0,043 ∙ Mg\\) + 0,050 ∙ C (2) 

�) = 2,136 + 0,044 ∙ t=Å + 0,044 ∙ MgU) + 0,060 ∙ C − 0,043 ∙ �) + 0,037 ∙ t=Åt=õõ + 0,036t=Å� (3) 

¹�� = 2.207 + 0.087 ∙ MgU − 0.026 ∙ MgU) − 0,043 ∙ Mg\\) + 0,050 ∙ � (4) 

¹�) == 0.027 − 0.009 ∙  t=õõ + 0.016 ∙ MgU + 0.006 ∙ �  (5) 

Table 2 ANOVA summary  

Investigated parameters ratio R2 R2-Adj MS Residual 

Entrance diameter D1 [mm] 0.90 0.85 0.0003457 

Exit diameter D2 [mm] 0.94 0.89 0.000246 

Roundness deviation Rd1 [mm] 0.97 0.96 0.000001 

Roundness deviation Rd2 [mm] 0.91 0.88 0.0000071 

ANOVA results indicate that the values of the R2 for the diameter D1, D2 and the roundness deviation Rd1, Rd2 
were over 90 %. Developed response functions provide a good explanation of the relationship between the 

pulse time, time interval, and capacitor capacity on the response D and R. For example in (Figure 1) are 

present plots of residuals for response function D1. Expected normal value vs residuals shows that the 

correlation between predicted and experimental data is good. Experimental data is distributed approximately 

along a straight line (Figure 1a). The plots of residuals versus the predicted values (Figure 1b) and the 

residuals versus the case number values (Figure 1c) indicate that the residuals have a stochastic nature. 

Conducted residual analysis for each developed response function indicates that developed models were 

adequate from a statistical point of view. 

 
 

 

(a) (b) (c) 

Figure 3 Plots of residuals for the entrance diameter D1: (a) the normal plot of residuals; (b) the residuals 

versus the predicted values; and (c) the residuals versus case number 
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To better understand the influence of the EDM parameters on the entrance diameter D1, exit diameter D2, 

roundness deviation Rd1, and Rd2 the response surface plots were developed. The influence of the pulse time 

ton, pulse interval toff, and capacitor capacity C on the D1, D2, Rd1, Rd2 is shown in (Figures 4-7), respectively. 

The conducted experimental studies indicated that the main parameters that influenced entrance diameter D1 

and exit diameter D2 were pulse time and capacitor capacity (Figures 4-5). Hole diameters D1 and D2 increase 

with the growth of the pulse time and capacitor capacity. With the increase of the ton and C, the discharge 

energy grows to cause melting and evaporation of a higher volume of material. This led to obtaining a higher 

value of the diameter hole. Furthermore, analyses of differences in the size of entrance diameter D1 and exit 

diameter D2 indicate that the exit diameter is smaller than the entry diameter. This is directly due to the conical 

wear of the working electrode. The presented dependence also has effects on the roundness deviation. The 

increased pulse time and capacitor capacity corresponded to an increase in the amount of eroded material 

and wear of electrodes. Nonetheless in this case the value of roundness deviation in the exit of hole Rd2 is 

bigger than in the entry to hole Rd1. Shape errors of manufacturing holes are caused by physical phenomena 

occurring during electrical discharge machining. Electrical discharge case local melting and evaporation of 

small pieces of material and electrode. Debris is removed from the gap by flushing the dielectric. Furthermore, 

uneven distribution of treatment products in the gap leads to uneven wear of electrodes and in the end leads 

to shape errors. Uneven wear of the working electrode along its diameter and length causes the end part of 

the electrode may move out of the axis, causing an increase in roundness deviation. 

The result of experimental studies shows that time interval in the investigated range do not have a significant 

influence on the entry and exit diameter of hole and roundness deviation (Figures 4-7). 

   

(a) (b) (c) 

Figure 4 Estimated response surface plot for the entrance diameter D1: (a) constant C = 50 µF; (b) constant 

toff = 50 µs and (c) constant ton = 50 µs 

 

  

(a) (b) (c) 

Figure 5 Estimated response surface plot for exit diameter D2: (a) constant C = 50 µF; (b) constant toff = 50 

µs and (c) constant ton = 50 µs 
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(a) (b) (c) 

Figure 6 Estimated response surface plot for the roundness deviation Rd1: (a) constant C = 50 µF; 

(b) constant toff = 50 µs and (c) constant ton = 50 µs 

 

 
 

(a) (b) (c) 

Figure 7 Estimated response surface plot for roundness deviation Rd2: (a) constant C = 50 µF; (b) constant 

toff = 50 µs and (c) constant ton = 50 µs 

4. CONCLUSION 

The experimental studies were focused on the analyses of the influence of EDM parameters on the diameter 

and roundness deviation of holes during machining of Inconel 718. Summarizing the results of the experimental 

investigation can be concluded: 

 The main process parameter influencing the diameter and roundness deviation of holes after EDM 

machining is discharge energy which dispenses pulse time and capacitor capacity. The source of 

roundness deviation is the uneven wear of the tool electrode and its non-axial move that is reflected in 

the workpiece.  

 Time intervals in the investigated range do not have a significant influence on the entry and exit diameter 

of hole and roundness deviation. 

 The developed regression equations could be used in electrical discharge machining holes in Inconel 
718 as a guideline for the suitable EDM parameters.  
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Abstract  

Additive manufacturing (AM) has been increasingly used to produce metal components in the last few decades. 

One of the most popular AM technologies is Selective Laser Melting (SLM). Materials prepared by SLM 

technology show very good mechanical properties, even though in these materials many defects are present, 

such as spherical pores, keyhole pores, lack of fusion porosity or cracks. The mentioned defects can be 

minimized by optimizing the process parameters or changing the chemical composition of the material. 

Therefore, the objective of this study is to describe changes in the microstructure and mechanical properties 

depending on the Al alloys chemistry. Three new alloys with different chemical compositions (differs in silica 

content) were prepared by mechanical mixing of the conventional alloys AlSi12 and AlCu2Mg1.5Ni, and 

subsequently processed by SLM technology with the same process parameters. Relative density (RD), type 

of defects, and microstructure were studied in all cases by light microscopy (LM). Mechanical properties were 

determined by tensile tests performed at room temperature and by hardness tests (HV0.3). Fractographic 

analysis was performed on fracture surfaces after tensile tests using scanning electron microscopy (SEM). It 

was found that with an increasing percentage of silica, the RD increases from 95.8 % to 98.8 %. The new alloy 

with the highest Si content showed the highest tensile test characteristics (UTS = 453 MPa, YS = 243 MPa, 

and A5.65 = 7.74 %). However, the hardness test did not show a significant difference in the values of individual 

alloys.  

Keywords: Selective Laser Melting, aluminum alloys, mechanical properties, microstructure 

1. INTRODUCTION  

SLM technology allows the production of complex-shaped parts that also have excellent mechanical properties 

[1]. The mechanical properties are closely related to the microstructural characteristics of the materials. 

Materials produced by SLM technology have a very fine-grained microstructure due to the rapid solidification 
of the locally melted material [2,3]. During the process, the laser beam locally melts the material, so that in the 

final microstructure, the solidified melt pools bounded by fusion boundaries can be observed.  

The microstructure consists of columnar grains occurring predominantly in the central area of the melt pool 

and fine equiaxed grains along the fusion boundaries [2,4]. A common problem in materials, especially  

Al alloys of class 2xxx, produced by SLM technology is the formation of cracks [5]. In general, two types  

of cracks can be assumed: Liquation and crystallization cracks. Liquation cracks occurred due to the high 

content of alloying elements. During solidification, the alloying elements, together with impurities, are deposited 

along the grain boundaries and form liquation films. Crystallization cracks form at the interface between the 

solid and liquid phases, and their formation is attributed to the high internal stresses resulting from solidification 

[6]. Studies on the susceptibility to crystallization cracks in Al alloys produced by SLM technology have shown 
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that crystallization cracks occur more frequently in Al alloys with a low Si content (0.8 wt%) and higher Cu 

content [2,5,6]. This implies that the occurrence of cracks and pores may be influenced by the process 

parameters of the SLM technology, but also by the chemical composition of the alloy.     

In this study, the influence of Si content on the microstructural and mechanical properties of Al alloys was 

analysed. AlCu2Mg1.5Ni (EN AW 2618) and AlSi12 were chosen as input materials. The EN AW 2618 offers 

very good properties and considerable potential for use in the automotive and aerospace industries. 

Unfortunately, this alloy exhibits many crystallization cracks after the SLM process [5,7]. In contrast,  

the eutectic AlSi12 alloy is one of the Al alloys with very good processability due to the small temperature 

difference between liquid and solid [5]. Increasing the Si content (and decreasing the Cu content) seems  

to be very promising, and that was the motivation for this study. 

2. INPUT MATERIALS 

AlCu2Mg1.5Ni (EN AW 2618) in powder form was chosen as the input material. The chemical composition 

was determined by ICP-OES spectrometer (Therm iCAP 6500-ICP) (Table 1). The change of chemical 

composition of EN AW 2618 by willful increase of Si (decrease of Cu) was done by mixing this alloy with AlSi12 

alloy in powder form. The AlSi12 alloy was prepared by atomization in an inert gas; the chemical composition 

[8] can be found in Table 1. These two powders were mechanically mixed for 24 hours using a TWINROLL 

mixer. Three new mixtures were prepared: Mixture “I” 75 wt% AlSi12 + 25 wt% EN AW 2618, the mixture “II” 

50 wt% AlSi12 + 50 wt% EN AW 2618 and the last mixture “III” 25 wt% AlSi12 + 75 wt% EN AW 2618, the 

chemical composition of the new blends is listed in Table 1. 

Table 1 Chemical composition of input material (wt%) 

 Si Fe Cu Mg Ni Al 

EN AW 2618 0.15 1.00 2.66 1.39 1.22 Balance 

Mixture I 9.04 0.85 0.89 0.42 0.30 Balance 

Mixture II 6.08 0.90 1.48 0.75 0.61 Balance 

Mixture III 3.10 0.95 2.07 1.06 0.91 Balance 

AlSi12 [8] 11.80 0.13 <0.01 <0.01 <0.01 Balance 

3. EXPERIMENTAL METHODS 

Four bulk specimens with dimensions of 12×12×70 mm were produced from each individual powder mixture 

by the SLM 280 HL (SLM Solution GmbH). The machine was equipped with a 400 W YLR fiber laser with 3D 

scanning optics and a build chamber of 280×280×350 mm.  

 

Figure 1 a) Bulk specimens on the build platform, b) analysed planes (B.D. - building direction)

The process parameters used are the following: laser power 400 W, scanning speed 1200 mm/s, hatch 

distance 0.09 mm, layer thickness 0.05 mm, scanning strategy Stripe, rotation between layers 67° and nitrogen 

as inert gas. The specimens were printed horizontally, as shown in Figure 1a. 

a) b) 
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All specimens were analysed in the as-built condition. Tensile specimens were machined from billets No. 1-3 

for each new alloy according to DIN 50125 (Form B, gauge length of ø6×30 mm). Tensile testing at room 

temperature was performed using the Zwick Z250 testing machine equipped by the extensometer MultiXtens 

with a loading rate of 2 mm/min. Fractographic analyses were performed for all broken specimens after  

the tensile test using SEM (Zeiss Ultra Plus). Billet No. 4 (for each alloy) was used for the microstructural 

analysis in two directions: transverse - T (plane YZ) and longitudinal - L (plane XZ), shown Figure 1b.  

The microstructures were examined by light microscopy (LM) in the non-etched and etched states (etchant: 

0.7 vol%, HF; 2.4 vol% HCl; 0.8 vol% HNO3; 96.1 vol% distilled water). The relative density (RD) was 

determinate in non-etched state for both directions (L and T) using ImageJ software. Vickers hardness tests 

was performed using the Q-ness hardness tester (Q10A) with a load of 0.3 kg (HV0.3) for 10 s.  

4. RESULTS  

4.1.  Microstructural analysis 

The analyses confirmed the assumed influence of the chemical composition on RD of the material, Figure 2. 

Alloy “I” shows irregularly distributed spherical gas pores in the material volume (RD = 98.8 %). The lack  

of fusion porosity was observed in the second case alloy “II”, which had RD = 96.8 %. The last alloy “III” 

exhibited many cracks that follow the building direction (RD = 95.8 %).  

 

Figure 2 The dependence of RD on Si content: a) alloy “I” - gas pores; b) alloy “II” - lack of fusion 

porosity; c) alloy “III” - cracks  

  

Figure 3 Microstructure of Alloy “I” in longitudinal direction: a) melting pools; b) columnar grains (CG), cell 

microstructure (CS) and fusion boundaries (FB); LM 
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Figure 3 shows the microstructure of alloy “I” after the SLM process, while alloys “II” and “III” have a similar 

microstructure. Both investigated directions L and T exhibited the typical fish-scale shape of melt pools 

bordered by fusion boundaries (FB). In addition, using lower magnification, a laser trajectory is observed  

in some layers, caused by the rotation of the laser scanning strategy between layers. In a detailed analysis, 

the appearance of a very fine cell microstructure (CS) and the presence of columnar grains (CG) can  

be observed in some melt pools. 

4.2.  Mechanical properties and fractographic analysis  

Table 2 shows the average mechanical values for each of the new alloys as well as the conventional alloys. 

The UTS of the alloy “III” is comparable to that of the alloy EN AW 2618.  YS could not be measured for this 

alloy due to premature fracture. The highest value of YS (277 MPa) was for the alloy “II” despite the frequent 

occurrence of defects in the material. Alloy “I” had the highest UTS (453 MPa) and A5.65 (7.7%), which may  

be due to the highest values of RD. The hardness test showed very similar results for all new alloys as follow: 

alloy “I” 124 ± 4 HV0.3; alloy “II” 133 ± 1 HV0.3 and alloy “III” 132 ± 3 HV0.3.  

Table 2 Average values of tensile tests at room temperature [7, 9] 

 UTS (MPa) YS (MPa) A5.65 (%) 

AlSi12 385 260 2.8 

Alloy I 453 243 7.7 

Alloy II 400 277 3.5 

Alloy III 192 - 0.1 

EN AW 2618 191 177 0.6 

Figure 4 shows the fracture surface of the specimens of the new alloys processed by SLM. The fracture 

surface of the specimens shows areas with decohesion along columnar grains and areas with very fine dimple 

morphology (Figure 4a), indicating the low-energetic ductile fracture. The alloy “II” shows areas with lack of 

fusion porosity (pores with unmelted powder particles). The decohesion along the columnar grains was 

observed on the fracture surfaces of each alloy, especially for the alloy “III” (Figure 4b).  

  

Figure 4 SEM - fracture surface: a) alloy “I” - dimple morphology; b) alloy “III” - decohesion along 

columnar grains and pores 

5. DISCCUSION 

The microstructure of the alloys studied showed a typical occurrence of fish-scale shape structure resulting 

from uniformly shaped melt pools during the process, as well as visible laser trajectories [10]. In all three new 

a) b) 
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alloys studied, the size of the melt pools was comparable, which can be attributed to the same process 

parameters. The presence of columnar grains in the melt pools was detected, and a very fine cell 

microstructure was observed as in the study [10]. The highest relative density was obtained for alloy “I”  

(98.8 %), this alloy showed predominantly spherical pores, moreover solidification cracks were eliminated,  

due to the higher Si content. Similar results showed the study [11] where the authors have used alloy Al7075 

and confirmed that only 2 wt% of Si significantly affects the occurrence of cracks and pores  

in the microstructure. The alloy “III” showed the worst relative density (95.8 %), for this alloy the occurrence  

of large solidifications cracks was noted. The difference in the behavior of the alloys can be attributed  

to a different chemical composition.  

The tensile tests showed the increase of UTS and A5.65 with increasing RD. Alloy “I” showed the highest 

elongation at break (A5.65 = 7.7%), which is due to the highest RD of the specimens and absence  

of solidification cracks. The highest YS value had the alloy “II” although the lack of fusion porosity was observed 

on the fracture surface. The alloy “III” showed almost no elongation, mainly due to the extensive cracks in the 

material. The UTS value of the alloy “III” is comparable with the input alloy EN AW 2618 due to the appearance 

of numerous cracks that reduced the load-bearing cross section of the specimens. The results show that the 

alloys “I” and “II” have better properties after SLM process that the conventional input alloys and better than 

the alloy AlSi10Mg as well [7, 12, 13]. Comparing the hardness of the new alloys HV0.3 (~130 HV0.3) with the 

conventional alloy EN AW 2618 (~100 HV0.3) [7], all new alloys show higher hardness values.  

Fractographic analysis showed a low energetic ductile fracture with very fine dimple morphology. 

Inhomogeneities such as lack of fusion porosity and spherical pores were observed on the fracture surface  

of all alloys, and decohesion along the columnar grains and fusion boundaries was observed as well.  

The lowest percentage of defects was observed for the alloy with the highest Si content. This is in contrast to 

[7], where a significant lack of fusion porosity level was observed in the alloy EN AW 2618, which was 

processed by the SLM technology. It can therefore be assumed that not only the Si content, but also the Cu 

content has a significant influence on the resulting microstructure of Al alloys produced by SLM technology 

[14].  

6. CONCLUSIONS 

 Three new alloys were produced by mixing of conventional alloys AlSi12 and EN AW 2618. The new 

alloys were processed by SLM technology with the same process parameters.  

 Metallographic and fractographic analyses showed that cracks and pores in the microstructure of the 
material are suppressed with increasing Si content (decreasing Cu content).   

 The mechanical properties, especially UTS, significantly affected the number of pores and cracks in the 

microstructure. Samples with a higher percentage of cracks and inhomogeneities of the void type 

showed the lowest values of mechanical properties. The hardness values were comparable for all alloys 

studied.  

 Fractographic analysis showed a low-energetic ductile fracture with fine dimple morphology. 
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Abstract 

The AlSi10Mg alloy is widely used to produce complex-shaped components by Laser-based Powder Bed 

Fusion (L-PBF); these parts, characterized by light structures and high specific strength, are currently 

employed in high-performance room temperature applications in the automotive and aerospace industries. 

However, it is important to increase the data concerning the high-temperature mechanical properties of the L-

PBF AlSi10Mg alloy to spread its use. This study aims to fulfill the lack of knowledge by investigating the 

mechanical behavior at 200 °C, a representative condition of the average temperature of engine heads, of the 

L-PBF AlSi10Mg alloy subjected to a T5 heat treatment (artificial aging at 160 °C for 4 h) and an innovative T6 

heat treatment (solubilization at 510 °C for 10 min and artificial aging at 160 °C for 6 h). The influence of high 

temperatures on the mechanical behavior of the L-PBF AlSi10Mg alloy was assessed by tensile tests, while 

microstructural and fractographic analyses were carried out to correlate the mechanical behavior of the alloy 

to its microstructure, and consequently explain the failure mechanisms. The ultrafine cellular microstructure, 

characterizing the T5 alloy, led to higher tensile strength than the homogeneous composite-like microstructure 

of the T6 alloy, which makes it very interesting for future application in the automotive and aerospace 

industries. 

Keywords: Laser-based Powder Bed Fusion (L-PBF), AlSi10Mg, high temperature, mechanical properties,  

microstructural characterization 

1. INTRODUCTION 

The Laser-based Powder Bed Fusion (L-PBF) technology is a sustainable solution to reduce the CO2 footprint 

in the energy and transportation sectors through the production of complex-shaped Al components 

characterized by lightweight structures and high performance [1]. However, thin-walled and lattice structures 

introduced to reduce weight in aerodynamic components and thermal systems must be able to withstand the 

thermomechanical stresses caused by the severe operating conditions that occur in these applications [2].  

The AlSi10Mg alloy is currently the most common Al-based alloy used in the L-PBF process to produce 

complex engineering parts, fitting both mechanical (high strength/weight ratio) and production requirements 

(good fluidity and weldability). Despite the high room-temperature properties, the progressive loss of the 

strengthening mechanisms in Al-Si-Mg alloys above 200 °C, due to their low thermal stability, has limited its 

use in the production of components, directly or indirectly exposed to high temperatures [2,3]. 

It is widely known that the cellular microstructure of the L-PBF AlSi10Mg alloy in the as-built (AB) condition, 

which consists of supersaturated α-Al phase cells embedded in a fibrous eutectic-Si network, is metastable 

[4- 6]. Therefore, the diffusion-driven mechanisms activated by high-temperature exposure affect both the 

dispersed (nano-sized Si precipitates and precursors of the Mg2Si equilibrium phase) and aggregated (eutectic 

Si network) strengthening phases of the AB microstructure [4]. In particular, direct aging (DA), such as the T5 

heat treatment, generally promotes only the formation and coalescence of nano-sized Si precipitates and 
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Mg2Si precursors phases inside the cells of the Al matrix, while the stress-relieving (SR) and the T6 solution 

treatment determine a complete microstructural rearrangement into a composite-like microstructure consisting 

of globular Si particles incorporated into the α-Al matrix [5,6]. 

To the best of our knowledge, few studies are currently focused on the high-temperature mechanical behavior 

of the L-PBF AlSi10Mg alloy. Tocci et al. [7] studied the mechanical response at 100 °C and 150 °C of the AB 

and T5 (100 °C and 150 °C for 10 h) alloy, describing a good mechanical response characterized by a slight 

decrease in tensile strength (UTS), no effect on yield strength (YS) and an increase in elongation to failure 

(ef). Uzan et al. [8] described a similar trend in the SR (300 °C for 2 h) alloy subjected to high-temperature 

tensile tests between 25 °C and 400 °C. In particular, the material showed a significant decrease in strength 

properties and an increase in the ef values with increasing temperature, as well as a strain-hardening attitude 

only below 200 °C.  

Considering the limited data available, this work aims to fill the gap in knowledge concerning the effects of the 

high-temperature exposure (200 °C) on microstructure and tensile properties of the L-PBF AlSi10Mg alloy 

subjected to an optimized T5 heat-treatment (hereafter T5) and a novel rapid T6 heat-treatment (hereafter 

T6R) [9], thus correlating the microstructural evolution induced by the high temperatures with the mechanical 

performance of the L-PBF alloy. 

2. MATERIAL AND METHODS 

The tensile samples were machined from bars (diameter of 9 mm and height of 77 mm) produced by a SLM 

500 system in approximately 30 h using a heated platform (150 °C). A bidirectional stripes scan strategy of 

67° rotation between subsequent layers and a re-melted contour zone strategy at the end of each scanning 

was used. The process conditions and chemical composition of the samples are summarized in Table 1 and 

Table 2, respectively. 

Table 1 L-PBF process parameters 

Atmosphere 
Heated 

platform 
(°C) 

Laser power 
(W) 

Scan speed 
(mm/s) 

Spot 
diameter 

(μm) 

Layer 
thickness 

(μm) 

Hatch 
distance 

(μm) 

Argon, O2 < 0.2 vol% 150 350 1150 80 50 170 

Table 2 Heat treatment conditions for the L-PBF AlSi10Mg 

T5 Heat Treatment T6R Heat Treatment 

Artificial aging (AA) at 160 °C for 4h,  air 
cooling 

Solution (SHT) at 510 °C for 10 min, water quenching,                                       
artificial aging (AA) at 160 °C for 6 h, air cooling 

Tensile tests were carried out, according to ISO 6892-1 and ISO 6892-2, at 200 ± 5 °C and a strain rate of 

3.3×10−3 s-1 on a screw testing machine equipped with a resistance furnace and a strain gauge for high 

temperatures, Round-dog bone samples (gauge length L0 = 25 mm and gauge diameter d0= 5 mm) were used. 

The soaking temperature in the furnace was verified during the tensile test by employing two type K 

thermocouples placed close to the specimen, in the upper and lower parts of the gauge length. The test 

temperature (200 °C) was reached via a heating ramp of 30 min and the sample was kept at 200 °C for further 

30 minutes before starting the test, to homogenize the temperature in the bulk material. The test temperature 

was maintained for the entire duration of the tensile test until the sample failure. The mechanical properties 

(YS, UTS, and ef) were evaluated as the average of at least four samples for each investigated condition. HV1 

hardness tests were carried out on each high-temperature tensile sample after the test. The results of the high-

temperature mechanical characterization were compared with those obtained at room temperature, already 

published by the authors in [9]. 
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The plastic behavior of the alloy in each tensile test condition was described by Hollomon’s equation (1) to 

study the effects of the high temperatures on the strain-hardening ability: 

? = S�U              (1) 

where: 

σ is the true plastic stress (MPa), ε is the true plastic strain, K is the strength coefficient (MPa), and n is the 

strain-hardening coefficient. 

The strength coefficient K and the strain hardening coefficient n were evaluated according to ISO 10275:2020 

standard, considering true stress-true strain data between 2 % plastic strain and the percentage plastic strain 

at maximum force. 

3. RESULTS 

3.1. Tensile tests and plastic behavior 

The results of tensile tests and hardness measurements at room (T5-R and T6R-R condition) and high-

temperature (T5-200 and T6R-200 condition) are compared in the histograms of Figure 1. To gain insight into 

the strain-hardening behavior, the true tensile stress-strain (σt-εt,p) and the strain-hardening rate-true strain 

curves (θ-ε) are reported in Figure 2a, while the work-hardening indexes are reported in Figure 2b. 

As expected, the high temperatures significantly affect the mechanical response of the T5 and T6R alloy. The 

decrease in strength properties is important: the YS value is reduced by approximately 45 % and 50 % and 

the UTS value is reduced by approximately 65% and 60% for the T5-200 and T6R-200 conditions, respectively. 

The loss of efficiency at high temperatures of the strengthening mechanisms, such as those induced by 

aggregated second phase and precipitation hardening for the T5 alloy and dispersed second phase and 

precipitation hardening for the T6R alloy are the main causes of the decrease in strength properties. These 

results are confirmed by the hardness drop of about 20 % and 25 % measured on the T5-200 and T6R-200 

conditions, respectively. The softening of the Al matrix at 200 °C involves a decrease in the activation energy 

for the dislocation motion, stimulating climbing and gliding relative to pile-up phenomena [4], and therefore 

induces an increase in the ef. However, this condition is observed only on the T5-200 alloy (about 45 %), while 

the T6R-200 alloy shows an ef value very similar to the T6R-R one. This condition can be attributable to an 

inhomogeneous and localized plastic deformation of the α-Al matrix that, from a macroscopic point of view, 

leads to a decrease in uniform deformation and a premature failure of the samples. It is more evident by 

analyzing the true tensile stress-strain and the strain hardening rate curves of the different conditions reported 

in Figure 2a.  

The T5-R alloy fails during the strain-hardening phase and before necking. As described by Considère's 

criterion, necking occurs when the identity between the true tensile stress (σ) and the strain-hardening rate (θ) 

is reached. However, the T5-R alloy has a large gap between the θ value at failure and the UTS value 

(Figure 2a). This behavior of the T5-R alloy is probably due to the high dislocation density at the eutectic-Si 

network/Al cells interface for pile-up phenomena [10]. Conversely, the T6R-R microstructure is less effective 

in hindering the dislocation motion than the T5-R one and, therefore, the T6R-R alloy is more subject to necking 

(Figure 2a) [10]. The Considère's criterion confirms the achievement of localized strain by the T6R-R alloy; in 

fact, the condition σ=θ is satisfied at the theoretical necking point εσ=θ = 0.092, which is located between the 

strain at the UTS value (εUTS) and the strain at failure (εf) (Figure 2a). The peculiar strengthening mechanisms 

of the T5-R and T6R-R alloys also lead to different elastoplastic behaviors and n-index values, equal to 0.26 

and 0.10 respectively (Figure 2b). The eutectic-Si network within the T5-R microstructure has a high pinning 

effect on the dislocation motion, which leads to a high dislocation density at the eutectic-Si network/α-Al cell 

interface by the Orowan looping mechanism and a consequent high n-index value [10]. Conversely, the large 
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Si particles embedded into the T6R-R microstructure are less effective in hindering the dislocation motion, thus 

limiting their accumulation in small areas and, consequently, the n-index value that would be achievable. 

Considering the high-temperature results, for tests carried out at 200 °C, the plastic behavior completely 

changes. The T5-200 and the T6R-200 alloys show (i) lower n-index values than the T5-R and T6R-R ones of 

about 80 % (Figure 2b) and (ii) higher necking attitude, which is described by a theoretical necking point (εσ=θ), 

equal to 0.044 and 0.024, respectively (Figure 2a). As reported in Figure 2a, the εσ=θ value of the T5-200 alloy 

occurs close to the εf value (0.055), showing an important uniform deformation. Conversely, the T6R-200 alloy 

has a larger gap between the εσ=θ value (0.024) and the εf value (0.111), which highlights an important decrease 

in uniform deformation. The easier dislocation motion at high temperatures and the extremely low strain-

hardening ability of the T6R-200 alloy influence the plastic deformation mechanisms of the alloy, increasing 

the necking and decreasing the ef value [10,11]. 

    

Figure 1 Tensile properties ((a) YS, (b) UTS, and (c) ef, and (d) hardness) of the T5 and T6 alloys tested at: 

(i) room temperature (T5-R and T6R-R) and (ii) high temperature (T5-200 and T6R-200) 

  

Figure 2 (a) True tensile stress-strain (solid lines) (σt-εt,p) and strain hardening rate (θ) curves (dashed lines) 
at room (T5-R and T6R-R) and high temperature (T5-200 and T6R-200). The table shows (i) εUTS, strain at 

UTS value, (ii) εf, strain at failure, and (iii) εσ=θ, strain at σ=θ condition (dots). (b) Work-hardening index 

values 

3.2.  Microstructural and fractographic analysis 

The T5-R and T6R-R alloys have microstructures very similar to those discussed in [9], which are constituted 

respectively by an ultrafine sub-micrometric structure of supersatured α-Al cells surrounded by a eutectic-Si 

network and a composite-like microstructure of Si-rich particles embedded into the α-Al matrix (Figures 3a 
and 3c), respectively. As always discussed in [9], the microstructural differences affect the mechanical 

response of the heat-treated alloys based on their respective strengthening mechanisms. 

The change in mechanical response for the T5-200 is mainly due to the diffusion processes activated by the 

high temperatures which led to (i) the reduction of Si atoms in solid solution, and (ii) the coarsening of the 
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strengthening precipitates (nano-sized Si precipitates and precursors of the Mg2Si equilibrium phase). Each of 

these changes in the strengthening mechanisms reduces the strength properties and increases the ductility, 

as a consequence of the reduction of the pinning effects on the dislocation motion [4]. The effects of the high 

temperatures on the microstructure are observable in a slight increase in Si particle size within the α-Al cells, 

which confirms the diffusion of Si atoms from the Al lattice, while it doesn't seem to affect the eutectic-Si 

network, which has a homogeneous and smooth structure, similar to the T5-R alloy (Figures 3a and 3b). The 

high temperatures also have effects on the fracture mechanisms of the T5-200 alloy; the softening of the Al 

matrix, the loss of efficiency of the strengthening mechanisms, and the lower cohesion between the Al 

matrix/eutectic-Si network, in fact, promote higher plasticity and the formation of larger dimples at the eutectic-

Si network/Al matrix interface compared to the T5-R alloy (Figures 4a and 4b). 

Similarly, the T6R-200 alloy undergoes a remarkable decrease in strength properties (YS and UTS), which is 

promoted by the rapid coarsening of the β-Mg2Si reinforcing precipitates [4], while no-remarkable effects are 

observable on the Si particle size, probably due to the high thermal energy required to activate a significant 

Ostwald ripening phenomenon among the Si particles (Figures 3c and 3d). Therefore, the drop of the ef value 

is probably attributable to an inhomogeneous and localized plastic deformation induced by the softening of the 

Al matrix at high temperatures that leads to a decrease in the uniform deformation. This phenomenon is related 

to the different elastoplastic behavior of the Si particles and the Al matrix that influences the crack growth rate 

and the formation of dimples; in fact, the Al matrix undergoes local extensive plastic deformation around the 

Si particles, that is not observed in the samples tested at room temperature. Therefore, the non-homogeneous 

stress-state developed around the larger Si particles, which is due to the increase in local plastic flow, induces 

the decohesion between the Al matrix and Si particles and the formation of large dimples due to the plastic 

relieving of the Al matrix near the Si particles [12]. The formation of larger dimples in the T6R-200 sample 

compared to the T6R-R one and the presence of Si particles located at the center of the dimples confirm this 

interpretation (Figure 4c and Figure 4d).  

 

Figure 3 T5 and T6R alloy microstructures of (a,c) room temperature-tested samples (T5-R and T6R-R) and 
(b,d) high-temperature-tested samples (T5-200 and T6R-200) 

 

Figure 4 Fracture surfaces of T5 and T6R alloy tested at room temperature ((a) T5- R and (c) T6R-R) and at 
high temperature ((b) T5-200 and (d) T6R-200) 
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4. CONCLUSIONS 

The research activity aimed at identifying the effects of high temperature (200 °C) on the microstructure and 

tensile properties of the L-PBF AlSi10Mg alloy, which was subjected to two different heat treatments: T5 

(artificial aging at 160 °C for 4 h) and T6R (rapid solution at 510 °C for 10 min followed by artificial aging at 

160 °C for 6 h). The following conclusions can be drawn: 

 The T5 and T6R alloy tested at 200 °C (T5-200 and T6R-200, respectively) showed a decrease in 

strength properties, which was less evident in the T5-200 alloy than in the T6R-200 one. This behavior 

was linked to the higher efficiency at high temperatures of the strengthening mechanisms of the sub-

micrometric cellular structure of the T5 alloy compared to the composite structure of the T6R one. The 

ductility instead increased significantly in T5-200 alloy and slightly decreased for T6R-200 one. The non-

homogeneous stress state developed around the large Si particles of the T6R-200 samples led to 

significant necking during the high-temperature tensile test. 

 At high temperatures, the T5 and T6R alloys showed a higher attitude to necking and an evident 

decrease in the strain-hardening ability. In particular, the T6R-200 alloy had the largest increase in 

necking and the lowest n-index value. 

In conclusion, the T5 heat treatment seems to be more suitable for L-PBF AlSi10Mg alloy components used 

for applications up to 200 °C compared to the T6R one. Further investigations will be dedicated to evaluating 

the influence of the heat treatment also on the high-temperature fatigue behavior of the L-PBF AlSi10Mg alloy. 
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Abstract  

Al-Li-based alloys are an attractive material for aircraft and aerospace applications. Preparation of these alloys 

by twin-roll casting (TRC), which combines rapid metal solidification and subsequent plastic reduction in a 

single processing step, could improve the properties of the alloys compared to materials prepared by 

conventional direct-chill casting. A commonly used approach for identifying primary phases is a chemical 

analysis by energy dispersive spectroscopy (EDS). More accurate results can be achieved by combining the 

method with diffraction analysis. This process can be considerably simplified in microscopes equipped with 

automated crystal orientation and phase mapping (ACOM-TEM). Al-Cu-Li-Mg-Zr alloy was prepared by twin-

roll casting. A combination of TEM and STEM images with chemical analysis by EDS and ACOM-TEM was 

used to obtain complex information about phases of boundary primary particles. The efficiency of the individual 

methods for the phase identification in TRC Al-Li-based alloys is discussed. 

Keywords: Al-Cu-Li-M-Zr-Fe alloy, twin-roll casting, phase identification, ACOM-TEM 

1. INTRODUCTION 

The wide use of aluminum-lithium alloys in the aircraft and aerospace industry is conditioned by its 

advantageous properties, particularly low density, high stiffness, and high strength [1-3]. These properties 

result from the addition of lithium to aluminum alloys, as the addition of 1 wt.% of lithium causes the density of 

Al alloys to decrease by 3 %, their Young modulus to increase by 6 %, and allows a formation of hardening 

precipitates [4,5]. An effort to further improve the mechanical and corrosion properties led to optimizing the 

composition of alloying additions. Adding Mg and Cu has been shown to produce additional strengthening Cu- 

and Mg- phases and alter the solubility of the most important alloying elements, thus improving the precipitation 

[6,7]. The following precipitates could contribute to the strengthening: δʹ(Al3Li), θʹ(Al2Cu), T1(Al2CuLi), S' 

(Al2CuMg), and T2(Al6CuLi3). For alloys with Li content lower than 1.5 wt%, the formation of metastable δʹ(Al3Li) 

is suppressed, and the strengthening is mainly achieved through θʹ, T1, and S' phases [8]. Overaging results 

in the formation of coarse T(Al2MgLi) and S(Al2CuMg) phases near grain boundaries [6]. The balance of the 

θʹ, T1 and S' phases depends on the relative concentrations of the three additions. The addition of Zr leads to 

the precipitation of Al3Zr metastable particles, which could further support the strengthening and thermal 

stabilization of the microstructure [9]. Apart from the precipitate phases, coarse primary phases (S (Al2CuMg), 

θ(Al2Cu), S(Al2CuMg), and Li-rich T phases) and impurities (like Fe and Si) coarse particles could form at grain 

boundaries, which can negatively affect the properties of the alloy [10]. They should be dissolved or 

transformed during a homogenization treatment. Twin roll casting of Al-Li-based alloys could provide a 

favorable alternative to the commonly used direct chill (DC) casting. Grains and boundary particles of primary 

phases formed during the TRC process are usually finer than the ones in DC cast alloys. Therefor lower 
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annealing temperatures and shorter soaking times are required during the homogenization of TRC alloys 

[11,12]. Optimizing the homogenization treatment requires reliable and statistically relevant information about 

the phase composition and distribution of primary phase particles. Energy dispersive spectroscopy (EDS) 

provides a quick way to distinguish Cu- or Fe- based phases. However, no information about Li could be 

gained. Any reliable determination of the phase type moreover requires a time-consuming analysis of 

diffraction patterns. This process could be significantly accelerated in modern microscopes equipped with 

automated crystal orientation and phase mapping (ACOM-TEM) option [13]. ACOM-TEM could also be used 

in studies performed on specimens annealed in-situ in TEM because, unlike EDS, it is not disturbed by parasitic 

infrared radiation at elevated temperatures simulating the behavior of the alloy during a high-temperature 

homogenization treatment 

In the present work, the potential of ACOM-TEM for identifying primary phases in TRC Al-Cu-Li-Mg-Zr-Fe alloy 

was tested, and the results of the method were compared with results received by EDS chemical analysis and 

examination of selected area diffraction patterns. 

2. EXPERIMENTAL METHODS 

Al-Cu-Li-Mg-Zr-Fe alloy of a third-generation with composition given in Table 1 was used as the input material 

for the twin-roll casting.  

Table 1 Chemical composition of Al-Cu-Li-Mg-Zr-Fe alloy in wt% 

Al Cu Li Mg Zr Fe 

balance 3.71 0.91 0.31 0.15 0.05 

The 3 mm thick strips were produced using the laboratory twin-roll caster of the Paderborn University. A 

detailed description of the twin-roll caster can be found in [14]. The specimens for the TEM were 

electropolished in 30% HNO3 solution in methanol at temperatures near −20 °C. 

TEM bright field (BF) and diffraction images, STEM BF and HAADF images, and ACOM-TEM orientation maps 

were taken by JEOL JEM 2200 FS operating at an accelerating voltage of 200 kV. The microscope was 

equipped with the “Spinning Star” electron precession from NanoMEGAS with an ASTAR software package 

and JEOL Centurio EDS detector. 

3. RESULTS AND DISCUSSION 

Several primary phase particles of each different type were analyzed. Examples of STEM images are shown 

in Figures 1, 2 a). Elemental maps confirm the presence of Cu and Mg in the whole length of the first particle 

(Figure 1). The presence of Al in the map is shaded by a strong signal from the surrounding Al matrix, with 

the thickness decreasing at the boundary. Small areas of higher Fe content originated from small Fe-rich 

particles embedded in the observed boundary phase. Quantification of the results is affected by the 

surrounding Al grains. However, since only three elements are significant and the amount of Cu and Mg is 

approximately the same, the phase of the particle is most probably equilibrium S (Al2CuMg), an orthorhombic 

phase with lattice parameters: a = 0.40119 nm, b = 0.9265 nm and c = 0.7124 nm [15]. 

A similar approach was applied to the second particle (Figure 2). Elemental maps show an increased amount 

of Cu and Fe in the particle, the amount of Al is again shadowed by the matrix, map of Mg does not exhibit 

increased concentration in the particle. Quantifying the signal from a part of the particle evidences that the 

amounts of Mg and Fe are under 4 at%, while concentrations of Al and Cu are almost 50 at% each. This 

suggests that the particle is probably monoclinic AlCu phase [16]. The presence of Zr was not detected in any 

of the studied boundary particles, most probably due to a relatively low nominal Zr concentration, high 

solidification rate during TRC, and a peritectic feature of the Al-Zr system at low Zr concentrations [17]. Since 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

589 

the precipitation of Al3Zr metastable particles was shown not to occur before annealing at high temperatures 

(above 500 ºC) for an extended time [14], it can be concluded that the Zr is fully dissolved in the Al matrix. 

 
Figure 1 a) STEM image of a boundary particle and its EDS quantification, b-f) EDS element maps 

 
Figure 2 a) STEM image of a boundary particle and its EDS quantification, b-e) EDS element maps 

Diffraction patterns of both particles were then analyzed via ASTAR automatic phase and orientation mapping 

(Figures 3 and 4).  

The pattern of the particle from Figure 1 (Figure 3) was identified with a high probability as S (Al2CuMg) phase 

with a satisfactory match between the generated and experimental pattern (Figures 3b,c). The results agree 

with the results obtained by the EDS analysis, as it is also confirmed by a high Astar image index for the S 

(Al2CuMg) phase (Figure 3d). Orientation maps of the S-phase are shown in Figures 3e-g). Results from the 

orientation and phase matching for the particle from Figure 2a) are shown in Figure 4.  
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Figure 3 Diffraction patterns and corresponding orientation maps obtained from the particle shown in 

Figure 1, a) SAED diffraction pattern, b) ASTAR diffraction image, c) ASTAR match to S (Al2CuMg) 

template, d) ASTAR index image, e-g) ASTAR orientation maps, h) S (Al2CuMg) orientation triangle. 

 

Figure 4 ASTAR images of the particle in Figure 2, a) virtual BF, b) diffraction image, c) match to Al2Cu 

template, d) index image, e-g) orientation maps, h) Al2Cu orientation triangle. 

The most probable match was obtained for the θ(Al2Cu) [18] phase. Index and orientation maps for Al2Cu 

(Figures 4d-g) show good correspondence in the lower part of the particle. The problem with identifying the 

upper part is connected to the slightly different orientation of the particle with a lower number of diffraction 

spots and their overlap with the diffraction pattern on the surrounding Al matrix. The result contradicts the 

finding following from the EDS analysis, which identified the phase as the AlCu phase. Inaccuracy in the 

quantification follows most probably from the absorption of the Al EDS signal in the particle [19].  

Figure 5 shows an example of an Al2CuLi phase boundary particle found and identified by ACOM-TEM. This 

type of phase appears relatively rarely inside the TRC material. Nevertheless, in contrast to the EDS analysis 

(EDS could not detect Li), this phase could be identified by the ASTAR software, proving thus the enhanced 
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analytical efficiency of the method. ACOM-TEM could quickly identify a majority of primary phases containing 

main constituent elements. However, it fails in the case when the particle is embedded in the matrix or another 

phase. 

 
Figure 5 Diffraction ASTAR analysis of a boundary particle a) virtual BF, b) diffraction image, c) simulated 

diffraction pattern of Al2CuLi, d-f) ASTAR orientation maps, g) Al2CuLi orientation triangle. 

4. CONCLUSION 

The phases of the coarse boundary particles in a TRC Al-Li-based alloy were identified via energy dispersive 

spectroscopy and automated orientation mapping in TEM. ACOM-TEM could easily identify phases containing 

lithium, a result that EDS could not receive. However, the results are affected by the thickness of the particles, 

their local orientation changes, and the surrounding matrix. More than one systematic line of diffraction spots 

is necessary for a credible phase identification via automated mapping. The ACOM-TEM technique could be 

promising for evaluating phase changes in situ at elevated temperatures. The presence of Al2Cu, Al2CuLi, and 

Al2CuMg phases was confirmed. 
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Abstract  

Transformation of Fe- and Cu-rich primary phase particles was studied in an Al-Li-based alloy prepared by 

twin-roll casting. Thin foils for combined STEM and SEM experiments were prepared by electrolytic twin-jet 

polishing. They were in-situ heated in a TEM heating stage and observed at 200 kV in the JEOL JEM 2200FS 

electron microscope equipped with STEM HAADF and BF detectors and SEM BSE and SE detectors working 

both in composition and topographic modes. The resulting structures were combined with EDS mapping 

performed directly in the heating holder. Dissolution and transformation of Cu- and Fe-rich particles occur 

above 500 °C. EDS maps acquired on the foil cooled down to room temperature show that Cu and Fe are both 

still present in newly formed particles, most likely indicating the presence of the Al7Cu2Fe phase.  

Keywords: Al-Li-based alloy, in-situ TEM, homogenization, phase transformation 

1. INTRODUCTION 

New Al-Li-based alloys have been widely used in aerospace, aviation, and military applications thanks to their 

high strength, low density, good corrosion resistance, and fracture toughness [1-4]. The superior properties of 

Al-Li alloys follow from the addition of Li. Adding one wt% of Li decreases the density of the alloy almost by 

3 % and increases the elastic modulus by 6 % [4,5]. Li-containing aluminum alloys also have a higher 

resistance to fatigue crack-growth and stress-corrosion cracking than traditional ones [6,7]. Other alloying 

elements, such as Cu and Mg, commonly added to high-strength Al-Li alloys, produce different strengthening 

phases contributing to the total strengthening of the material [5,8,9]. The third generation of Al-Li alloys 

contains mainly plate-like precipitates of the T1 (Al2CuLi) phase, plates of the θ' (Al2Cu) phase, and rods of the 

S' (Al2CuMg) phase [10,11]. Zr addition improves the stability of the microstructure imposed by an intensive 

plastic deformation of billets by forming a dispersion of the β' (Al3Zr) phase precipitating during long-term 

homogenization of initial ingots at high temperatures [5]. Several attempts to improve the properties of Al-Li 

alloys by a microalloying with Sc were mentioned in the literature [12,13]. Fine precipitates of the Al3Sc (or 

Al3(Sc,Zr) in the case of Zr-containing alloys) could further improve the strength and structure stability of the 

material. Generally, they form during annealing in the temperature interval of 300-480 °C. However, long-term 

homogenization annealing of the material at high temperatures (above 500 °C), typical for direct-chill (DC) cast 

alloys, is necessary to dissolve coarser primary phases in highly alloyed Cu and Mg containing alloys. 

Exposure of Al3(Sc,Zr) particles to such a high temperature is responsible for their significant growth and 

coarsening [14] and the advantageous strengthening effect loss. Finer primary phase particles and significantly 

more homogeneous distribution of solutes could be reached in Al materials cast at lower gauges (typical for 

twin-roll casting (TRC)) [15]. The use of lower temperatures and shorter annealing times necessary for their 

homogenization could be expected. 
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New Al-Li-Cu-Mg-Zr alloy microalloyed with Sc was prepared by TRC [16]. A refining role of Sc addition on the 

initial microstructure was confirmed. The present contribution is focused on studying the evolution of primary 

phase particles during high-temperature annealing. A treatment simulating homogenization of the as-cast 

structure was investigated using in-situ scanning electron microscopy and energy dispersive spectroscopy.  

2. EXPERIMENTAL DETAILS 

The preparation of the experimental TRC alloys is described in detail elsewhere [16]. The chemical 

composition of the experimental alloy is shown in Table 1.  

Table 1 Chemical composition of Al-Li-Cu-Mg alloys (wt%) 

Al Cu Li Mg Zr Ag Sc Other 

96.0 2.5 0.7 0.3 0.1 0.3 0.17 Balance 

Thin foils for combined (scanning) transmission electron microscopy ((S)TEM) and scanning electron 

microscopy (SEM) experiments were prepared by electrolytic twin-jet polishing in a 30% nitric acid in methanol 

at -20 °C. They were in-situ step-by-step heated (step 50 K/30 min) in a TEM/STEM heating stage from 300 °C 

up to 550 °C and observed at 200 kV in the JEOL JEM 2200FS electron microscope equipped with STEM high 

angle annular dark field (HAADF) and bright field (BF) detectors, and SEM backscattered electron (BSE) and 

secondary electron (SE) detectors working both in composition and topographic modes. The resulting 

structures were combined with energy dispersive spectroscopy (EDS) mapping performed directly in the 

heating holder (tantalum furnace) using a silicon drift detector (SDD) that collects X-rays from (S)TEM samples 

at a large solid angle (0.98 steradians) from a detection area of 100 mm2. 

3. RESULTS AND DISCUSSION 

Figure 1 shows STEM HAADF, and STEM BF images of a typical intermetallic particle in a thicker zone of the 

specimen (~300 nm estimated from a convergent beam in TEM) coupled with distribution maps of Fe, Cu, and 

Al in the as-cast material. More detailed local EDS chemical analyses were performed in selected points 

marked by crosses in Figure 1a. The concentrations measured in point 1 (60 at% Al, 6 at% Fe, 33 at% Cu, 

1 at% Mg, Li could not be detected by EDS; all other elements could be neglected within the experimental 

error) most probably indicate the presence of the Al7Cu2Fe phase reported in technical high-strength aluminum 

alloys [17]. 

 

Figure 1 STEM HAADF (a), STEM BF (b), and distribution maps of Al (c), Cu (d), and Fe (e) in the primary 

phase particle  

The local analysis in the Fe-free zone marked by the number 2 (52 at% Al, 47 at% Cu, 1 at% Mg, similarly, as 

in point 1, the concentration of Li could not be evidenced by EDS, and concentrations of other elements are 

negligible within the experimental error) suggests the presence of the AlCu phase. Generally, the Al2Cu phase 

is reported in the initial states of Cu-containing Al alloys [17]. Nevertheless, the appearance of the AlCu phase 

could not be entirely excluded because its formation in highly non-equilibrium Al-based alloys is reported in 
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the literature [18]. Alternatively, the detected high concentration of Cu might be an artifact given by absorption 

of the Al EDS signal inside the particle. Small concentrations of Mg atoms detected by EDS in both positions 

most probably appear due to excitation of the surrounding Al matrix containing dissolved magnesium. 

However, partial segregation of Mg on grain boundaries could not be excluded. The lack of Sc or Zr inside the 

primary phase particles indicates that they are both dissolved inside the aluminum matrix. A local EDS analysis 

performed in the matrix (point 3 in Figure 1a - 96.9 at% Al, 2.2 at% Cu, 0.3 at% Mg, 0.2 at% Ag, 0.02 at% Zr, 

0.7 at% Sc, the measured concentration of other elements is negligible, Li could not be detected) confirms the 

composition of main constituent elements within the experimental error of EDS measurements (compare with 

Table 1). A relatively low concentration of Zr in the vicinity of the boundary phase could reflect its 

inhomogeneous distribution imposed by the peritectic character of Al-Zr solidification at low Zr concentrations 

[19]. Therefore, a slightly higher Zr concentration could be expected inside the originally solidified grains than 

in their outer rim.  

Detection of Li, unfeasible by STEM and EDS analyses, partially limits the current investigation because the 

absence or the existence of complex Li-containing primary phases in the as-cast alloy could not be confirmed. 

More detailed analyses using methods linked to TEM (selected area electron diffraction) or X-ray analysis 

could help to solve this problem. However, numerous experiments performed on conventionally cast Al-Li-

based alloys show that the probability of forming Li-containing particles during solidification is very low for 

alloys containing Li below 1 wt% and almost zero for Li concentrations close to 0.5 wt% [20].  

Figure 2 shows the same area imaged using SEM detectors in topographic and composition contrasts. Not 

surprisingly, only some surface undulations identifying only partially the particle morphology could be 

recognized in the topographic mode in both BSE and SE detectors. Much better correspondence with STEM 

HAADF and BF images could be found with both SEM detectors operated in composition contrast mode, 

proving thus that the majority of the particle should be situated in the volume of the foil or even pointing out of 

the lower surface of the foil - a fact, which could not be confirmed by STEM.  

 

Figure 2 The same particle as in Figure 1 is acquired in SEM BSE (a) and SE (b) topographic modes, and 

SEM BSE (c) and SE (d) composition contrasts. 

Similar STEM/SEM/EDS analyses were performed on a series of grain-boundary particles in the as-cast state. 

Generally, the structural features of all analyzed particles are almost the same. They always contain Al, Cu, 

Fe, and a minor fraction of Mg. None of them contains Zr, Sc, or Ag, confirming thus that Zr, Sc, and Ag are 

dissolved in the matrix. For example, Figure 3 shows the STEM/EDS analysis of another grain boundary 

particle. This particle contains (point 1 in Figure 3a) Al, Cu, Mg, and Fe as main constituent elements with 

concentrations corresponding with the previous particle (62 at% Al, 6 at% Fe, 31 at% Cu, 1 at% Mg), and 

similar composition of the surrounding matrix (point 2 in Figure 3 - 96 at% Al, 3 at% Cu, 0.2 at% Mg, 0.1at.% 

Ag, <0.03 at% Zr, 0.4 at% Sc).  

Transformation of primary phase particles during the in-situ annealing is documented on the particle analyzed 

in Figures 1 and 2 (Figure 4). The first significant changes in the morphology could be detected at 450 °C. 

Cu-rich parts (marked by arrows) dissolve at this temperature. Only subtle modifications and spheroidisation 
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of particles in the Fe-containing parts proceed with increasing temperature, in accordance with similar 

observations of Liu et al. [17].  

 

Figure 3 STEM HAADF (a), STEM BF (b), and distribution maps of Al (c), Cu (d), and Fe (e) in the primary 

phase particle 

 

Figure 4 STEM HAADF images of the primary phase particle during in-situ annealing 

Figure 5 shows the same area after step-by-step annealing up to 550 °C and a rapid (in-situ) cooling down of 

the specimen to room temperature. A significant part of the particle is partially dissolved or transformed into 

smaller particles. In contrast, the part of the original particle situated in the upper right corner is unaffected by 

the elevated temperature. This effect is probably caused by the fact that this part of the primary particle is not 

in direct contact with the Al matrix and points out of the bottom surface of the foil due to an inhomogeneous 

electrolytic etching. Another possible explanation is based on the value of the diffusion coefficient of Fe in 

intermetallic particles, which is significantly lower than the one in the aluminum matrix [21,22]. EDS maps show 

that Cu and Fe are both still present in newly formed particles and the untransformed part of the original one, 

indicating most probably the presence of the Al7Cu2Fe phase. 

 

Figure 5 STEM HAADF (a), BF (b), and distribution maps of Al (c), Cu (d), and Fe (e) in the specimen 

annealed up to 550 °C, and in-situ cooled down to room temperature 

4. CONCLUSIONS 

Twin-roll cast Al-Li-Cu-Mg-Zr-Sc alloy was studied by in-situ STEM/SEM and EDS during heating up to 550 °C. 

The as-cast material contains Cu- or Cu+Fe-rich complex phases at grain boundaries. EDS analysis indicates 

the formation of AlCu (Al2Cu) and Al7Cu2Fe phases during the TRC process. The presence of Li in complex 

boundary phases could not be excluded due to the limitations of EDS analysis. However, the participation of 
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Li in their formation is relatively very low considering the low Li nominal concentration. The presence of Zr, Sc, 

or Ag in the grain boundary phases was not observed, indicating that these elements, similarly to Li, were fully 

dissolved in the solid solution and did not interact with grain boundary phases. Particles of the Cu-rich phase 

dissolve at 450 °C. A spheroidisation of smaller Al7Cu2Fe particles occurs at higher annealing temperatures. 

In contrast, coarser Al7Cu2Fe particles remain unaffected by the annealing, most probably due to the low 

diffusion coefficient of Fe in the intermetallic compound.  
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Abstract  

Aluminum based alloys have been widely used in the automotive, aircraft and defense applications because 

of good thermal and electrical conductivity, high tensile strength-to-weight ratio, high hardness, and ductility 

properties. Graphene, is an allotrope of carbon, attracts great attention worldwide due to its sp2-hybridized 

two-dimensional honeycomb structure, low weight, thermal, electrical, and mechanical properties. In the 

present study, high purity few-layered graphene (FLG) which was synthesized via electric arc discharge 

method (EAD) were reinforced to the Al-5Cu alloy matrix using various weight fraction of 0, 0.1, 0.3, and 0.5, 

by mechanically alloying (MA). These nano-composite powders were consolidated by cold pressing under 450 

MPa and they were subjected to sintering at 570 °C and 580 °C for 3 hours under argon atmosphere. The 

microstructure of composites materials was studied by optical microscope and scanning electron microscopy. 

The FLG was observed to be dispersed homogeneously in the Al-5Cu alloy matrix. An increase in the micro 

hardness for Al-5Cu alloy with 0.5 wt% FLG (123 HV) by 45 % was observed compared to pure Al-5Cu alloy 

(85 HV) sintered at 570 °C. Moreover, wear properties of these composite materials were investigated by 

means and analysis of variance (ANOVA).  

Keywords: Aluminum alloy, arc discharge, graphene, metal matrix composite, powder metallurgy 

1. INTRODUCTION 

Aluminum (Al) metal matrix composites are widely used in the automotive, aircraft and defense applications 

because of its good thermal and electrical conductivity, high tensile strength-to-weight ratio, high hardness, 

and ductility properties [1-2]. Various reinforcement materials such as Al2O3, SiC, B4C, TiC,C with low density, 

good mechanical and chemical properties, high thermal stability and Young's modulus, good processability 

are used for Al metal matrix composites [3]. Graphene, which is one allotrope of carbon, due to its sp2-

hybridized two-dimensional honeycomb structure, low weight, thermal, electrical, and mechanical properties; 

has attracted great attention around the world. It can be considered as the ideal reinforcement for Al-based 

matrix composites with very high electrical (electron mobility, 1500 cm2 V-1 s-1; resistance 10-6 Ωcm) and 

thermal conductivity (5.3×103 Wm-1K-1), low thermal expansion coefficient (-6×10-4K-1), self-lubricating and 

excellent mechanical properties (tensile strength 130 GPa; elastic modulus 0.5 - 1 TPa.) [4].In this study, 

various weight fraction of 0, 0.1, 0.3, and 0.5 FLG which was produced by EAD method in our laboratory was 

reinforced to the Al-5Cu alloy matrix as reinforcement by MA. Structural and mechanical properties of 

composites were examined. Thus, it is aimed that the effect of FLG content on Al-5Cu alloy matrix was 

investigated.  

2. MATERIALS AND METHODS 

FLG reinforced Al-5Cu alloy matrix composites were produced from the Al (-200 mesh, 99%; Acros Organics), 

Cu (< 63 μm, ≥ 99%; Merck) and FLG as starting powders. High purity FLG was synthesized byEAD method 
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by using an originally designed stainless steel reactor in our laboratory [5]. The FLG were reinforced to the Al 

and Cu powders alloy matrix using various weight fraction of 0, 0.1,0.3 and 0.5 by MA. A high-energy planetary 

ball mill with a stainless steel jar (250 mL) was used for MA. Stearic acid (C18H36O2; 97% Merck) was added 

2.5 wt% as a process control agent (PCA). These FLG reinforced Al-5Cu alloy matrix composite powders were 

formed as a bulk by using a uniaxial manual press at 450 MPa. Green bulk composites which were subjected 

to binder removal at 420 °C for 2 hours, were sintered at 570 °C and 580 °C with a 5 °C/min heating and 

cooling rate for 3 hours under Ar atmosphere. The particle size distribution of starting powders was conducted 

using Malvern Mastersizer 3000. Optical images of FLG reinforced Al-5Cu alloy matrix composites were 

determined with Nikon Eclipse microscope. The hardness of the FLG reinforced Al-5Cu alloy matrix 

composites was investigated for 15 seconds with a load of 200 g via a Qness Q10M microhardness tester. 

Wear properties were examined with steel balls a diameter of 5 mm by using Bruker UMT 2 wear tester. The 

load, wear distance, wear rate, and total wear distance applied to the bulk samples were 2 N and 3 N, 5 mm, 

5 mm/s and 20000 mm, respectively. Moreover, wear properties were evaluated by using Minitab with ANOVA. 

The density of the sample was measured based on the Archimedes’ principle. 

3. RESULTS AND DISCUSSIONS 

Figures 1(a-b) show particle size distribution and SEM images of Al and Cu powders as starting powders, 

respectively. Average particle size of Al was 21 μm, while Cu was measured as 23.6 μm. The SEM images 

which is shown Figures 1(c-d)of Al used as the starting powder are examined that is seen it has many 

unformed large and small particles. Cu powders also have a dendritic structure.  

 

Figures 1(a-b) The particle size distribution, (c-d) SEM images of Al and Cu powders as starting powders, 

respectively 

Figure 2(a) shows XRD pattern of 0.5 wt% FLG reinforced Al-5Cu alloy matrix powders. Characteristic peaks 

of Al and Cu was observed because the mixture is homogeneous in nanocomposite powders [6]. Since FLG 

were reinforced in trace amounts and dispersed homogeneously in the Al-5Cu alloy matrix, the peak of FLG 

was not seen in XRD patterns. The SEM image of 0.5 wt% FLG reinforced Al-5Cu alloy matrix powders is 

shown in Figure 2(b). While Al exhibits a ductile behavior in the ball milling, FLG also on the other hand, have 
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a fragile structure. Ductile Al particles are repeatedly flattened during ball milling with cold welding, fracture 

and plastic deformation [7]. It is considered that FLG flatten the Al particles by creating a local tension. It can 

be said that the FLG are embedded in the Al-5Cu alloy matrix because of FLG residue is not visible on the 

matrix in the SEM images. Moreover, EDS analysis of 0.5 wt% FLG reinforced Al-5Cu alloy matrix composite 

powders is shown in Figures 2(c-d) with SEM image at different magnifications. The presence of Cu, which is 

the main alloying element, together with Al in the matrix alloy stands out. The C also shows the presence of 

FLG in the Al-5Cu alloy matrix. 

 

Figure 2(a) XRD pattern,(b) SEM image, (c) SEM image for EDS analysis and (d) EDS analysis of 0.5 wt% 

FLG reinforced Al-5Cu alloy matrix powders  

Table 1 gives information about theoretical, Archimedes’ and relative density of the sintered samples at 

different temperatures. 

Table 1 Theoretical, Archimedes’ and relative density of the sintered samples at different temperature 

Sample 

Theoretical density 
(g/cm3) 

Archimedes’ density 
(g/cm3) 

Relative density 

(%) 

570 °C 580 °C 570 °C 580 °C 570 °C 580 °C 

Al-5Cu+0 wt% FLG 2.797 2.506 2.538 89.62 90.74 

Al-5Cu + 0.1 wt%FLG 2.796 2.564 2.572 91.71 92.01 

Al-5Cu+0.3 wt%FLG 2.793 2.590 2.599 92.74 93.07 

Al-5Cu +0.5 wt%FLG 2.790 2.566 2.586 91.24 92.69 

Figure 3 shows optical images of (a) 0, (b) 0.1, (c) 0.3 and (d) 0.5 wt% FLG reinforced Al-5Cu alloys composite 

matrix with 20X magnification for sintering at 570 °C. FLG were homogeneously dispersed on the Al-5Cu alloy 

matrix as shown in Figures 3 (b-c-d). Moreover, it was observed that there are some voids in the structure.  
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Figure 3 Optical images of (a) 0, (b) 0.1, (c) 0.3 and (d) 0.5 wt% FLG reinforced Al-5Cu alloys composite 

matrix for sintering at 570 °C 

Figure 4 shows optical images of (a) 0, (b) 0.1, (c) 0.3 and (d) 0.5 wt% FLG reinforced Al-5Cu alloys composite 

matrix for sintering at 580 °C. It was seen that FLG were homogeneously dispersed in the Al-5Cu matrix alloy. 

 

Figure 4 Optical images of (a) 0, (b) 0.1, (c) 0.3 and (d) 0.5 wt% FLG reinforced Al-5Cu alloys composite 

matrix for sintering at 580 °C 

Figure 5 shows the graph with error bar of hardness (HV) values for samples at different sintering 

temperatures. An increase in the hardness for Al-5Cu alloy with 0.5 wt% FLG (123 HV) by 45% was observed 

compared to pure Al-5Cu alloy (85 HV) sintered at 570 °C. Moreover, this increase was seen as 38% for 

sintering at 580 °C.  
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Figure 5 The graph with error bar of hardness (HV) values for samples at different sintering temperatures 

Values of coefficient of the wear (COF), which was obtained by using wear tester, were given in Table 2. As 

the FLG content increases, the COF values decrease. Moreover, it was observed that as the applied load in 

the wear test increased, the COF value also decreased. The lowest COF, with a value of 0.491, was observed 

in the 0.5 wt% FLG reinforced Al-5Cu alloy-based composite sintered at 580 °C with a 3 N load applied. 

Table 2 COF results of FLG reinforced Al-5Cu alloy matrix composites 

Sample 

Coefficient of the wear (COF) 

570 °C 580 °C 

2 N 3 N 2 N 3 N 

Al-5Cu + 0 wt% FLG 0.602 0.556 0.588 0.556 

Al-5Cu + 0.1wt% FLG 0.575 0.553 0.586 0.548 

Al-5Cu + 0.3 wt%  FLG 0.568 0.546 0.581 0.539 

Al-5Cu  + 0.5 wt% FLG 0.567 0.542 0.503 0.491 

ANOVA was used to analyze the influence of process parameters (FLG composition and sintering 

temperature) on the COF for the FLG reinforced Al-5Cu alloy matrix composites. Table 3 gives information 

about ANOVA results for COF. It is clearly seen that the FLG composition affects the COF value the most with 

a contribution of 42.9 %.  

Table 3 ANOVA results for COF  

Source DF Seq SS Adj SS Adj MS F-Value P-Value Contribution(%) 

Composition (FLG%) 3 0.005566 0.005566 0.001855 3.13 0.074 42.87 

Sintering Temperature (°C) 1 0.000856 0.000856 0.000856 1.44 0.257 6.59 

Load (N) 1 0.000638 0.000638 0.000638 1.08 0.324 4.91 

Error 10 0.005923 0.005923 0.000592   45.62 
Note: DF - Degree of freedom, Seq. - Sequential, Adj. - Adjusted, SS - Sum of squares, MS - Mean of squares. 
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4. CONCLUSION 

FLG reinforced Al-5Cu alloy matrix composites were successfully produced by powder metallurgy. It was 

observed that FLG were homogeneously dispersed in the Al-5Cu alloy-based matrix. With the increase of FLG 

content, a significant increase in hardness values was observed. An increase in the hardness for Al-5Cu alloy 

with 0.5 wt% FLG (123 HV) by 45 % was observed compared to pure Al-5Cu alloy (85 HV) sintered at 570 °C. 

In the ANOVA analysis performed, it was seen that the FLG content was more related to the COF values with 

a high rate of 42.9 %. In future studies, the effect of the produced FLG content on composites can be 

investigated in more detail by applying different process and wear test conditions. 
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Abstract  

Functionally graded materials (FGMs) are advanced engineering materials developed due to their superior 

properties where traditional composite materials are not sufficient. Nowadays, the development and 

application of these materials for the potential areas have attracted much more attention. Aluminum (Al) is 

preferred for physical and mechanical properties such as lightweight, high specific strength, high specific 

modulus, and low thermal expansion coefficient in these potential applications. Graphene attracts great 

attention worldwide due to its superior mechanical, electrical and thermal properties. In the current study, few-

layered graphene (FLG) produced with high purity electric arc discharge method were used to reinforce the Al 

matrix using various (in wt%) of 0, 0.1, 0.2, 0.3, 0.5, and 0.7 FLG by mechanically alloying (MA). Composite 

powders were consolidated by cold pressing with a layer by layer under 450 MPa. Al-FGM composites were 

designed including six layers and they were subjected to sintering at approximately 590 °C under argon 

atmosphere. The microstructure of Al-FGM was investigated by optical microscopy and scanning electron 

microscopy (SEM). It was observed that the FLG placed between the grains and acts as a barrier through the 

gradation improving the mechanical properties of the Al-FGM. Hardness value of the layer with the highest 

graphene content was measured as 113 HV. An increase in the Vickers hardness by 18 % was observed in 

the last layer with FLG content of 0.7 wt% compared to the first layer. 

Keywords: Aluminum, functionally graded materials, graphene, metal matrix composite, powder metallurgy 

1. INTRODUCTION 

Functional graded materials (FGMs), which were revolutionary with their discovery, are characterized as an 

advanced class of materials by differences depending on their position in composition throughout the volume 

and contribute to changes in material properties with functional requirements [1]. FGMs have advantages over 

conventional alloy and composite materials. In FGMs the distribution of the reinforced material varies from 

innermost to outermost compared to other conventional composite materials. Thus, constantly changing 

properties and controlled non-uniform microstructure are provided in the designed material [2]. FGMs offer 

possibilities to control the material response to deformation, dynamic loading as well as corrosion and wear. 

Moreover, FGMs can be used as a high-strength bonding interface to bond two incompatible materials together 

[3]. Due to these advantages of FGMs; It has potential application areas such as aerospace, automobile, 

biomedical, defense, electrical/electronics, energy, marine, optoelectronics, and thermo-electronics [4,5]. 

Today, various methods are used in the production of FGMs according to the requirements of the final product. 

Vapor deposition, thermal spraying, centrifugal casting, slip casting, tape casting, gel casting, laser deposition, 

sedimentation, electrochemical methods, and powder metallurgy (P/M) are the production techniques 

commonly used for FGMs [5,6]. P/M over other techniques, it has some advantages such as availability of 

good raw material, suitable for mass production, control of chemical composition, production of porous and 

complex shapes and metal matrix composites, which are very difficult to produce by casting method due to 
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density difference [7]. In the last few years, among metal-based materials, Al, due to their good thermal and 

electrical conductivity, high tensile strength-to-weight ratio, high hardness, and ductility properties; is of great 

interest in structural and functional applications [8,9]. As an alternative to ceramic materials such as B4C, SiC, 

Al2O3, different types of C-based reinforcement materials have also been added to the materials with Al-based 

P/M [10]. Graphene which is one allotrope of the carbon has some attractive features such as high electrical 

conductivity (15000 cm2 V-1 s-1) [11], high modulus of elasticity (~ 1 TPa), high surface area (2630 m2/g), high 

thermal conductivity (5000 W m-1 K-1) [12], 100-300 times stronger than steel, extremely hard, low mass. 

Considering these unique properties, graphene emerges as an ideal reinforcement material. In this study, 

various weight fraction of 0, 0.1, 0.2, 0.3, 0.5, and 0.7 FLG produced by EAD method was reinforced to the Al 

matrix as reinforcement by MA. It was carried out to design FGM by stacking FLG reinforced Al matrix 

composite powders, layer by layer. Structural and mechanical properties of FGM were examined. Thus, the 

effect of graphene content on FGM design was investigated. 

2. MATERIALS AND METHODS 

FLG reinforced Al based FGM was produced from the Al (-325 mesh; 99.5%, Alfa Aesar), and FLG (surface 

area, 153 m²/g) as starting powders. High purity FLG weresynthesized by EAD method using an originally 

designed stainless steel reactor in our laboratory [13]. The FLG were reinforced to the Al matrix using various 

weight fraction of 0, 0.1,0.2,0.3, 0.5 and 0.7 by MA by MA which was carried out via planetary ball milling with 

7:1 ball to powder ratio at 500 rpm for 5 h in Ar atmosphere. These FLG reinforced Al matrix composite powders 

were formed by stacking in six layers using a uniaxial manual press at 450 MPa. Then green bulk FGM which 

were subjected binder removal at 420°C for 2 hours were sintered at 590 °C with a 5 °C/min heating and 

cooling rate for 3 h under Ar atmosphere. Figure 1 shows schematic illustration of the design of functionally 

graded FLG reinforced Al.  

 

Figure 1 Schematic illustration of the design of functionally graded FLG reinforced Al 

Thermal analysis of Al and 0.7 wt% FLG reinforced Al matrix powders were carried out using by a Linseis 

PT1600 differential scanning calorimeter (DSC) up to 700 °C with a heating rate of 10 °C/min under nitrogen 

(N2) atmosphere. XRD analysis for FLG reinforced Al matrix composite powders obtained by MA was 

performed with Bruker AXS/Discovery D8 X-Ray Diffractometer with CuKα radiation. SEM analyses of Al as 

starting powder, FLG which is synthesized by EAD and 0.7 wt% FLG reinforced Al matrix composite powders 

by MA and were performed with Carl Zeiss/Gemini 300 scanning electron microscope. The optical microscope 

which is Nikon Eclipse was used to investigated microstructure of FLG reinforced Al matrix. The microhardness 

values of the FLG reinforced Al matrix composites were determined for 15 seconds with a load of 200 g via a 

Qness Q10M microhardness tester. By taking five measurements separately from each of the six layers and 

these were averaged for each layer region. The density of the sample was measured based on the Archimedes’ 

principle.  
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3. RESULTS AND DISCUSSIONS 

Figure 2(a) shows SEM image of Al as starting powders. It is seen that Al consists of many large and small 

amorphous particles. Figure 2 (b) gives information about SEM image of FLG which was synthesized by EAD. 

According to the SEM images, nanoparticles and nanolayers with particle size between 40 and 60 nm were 

detected for FLG. There are large clustered agglomerates of nano-sized spherical particles [14-15]. It is 

considered that graphene nanoparticles tend to agglomerate, due to their very small particle size at the 

nanoscale. 

 

Figure 2 SEM images of (a) Al as starting powders, (b) FLGs which was synthesized by EAD 

Figures 3(a) shows the XRD patterns of Al-based powders obtained with 5 h MA. There are distinctive 

characteristic peaks of Al in FLG reinforced Al-based composite powders. It is considered that the peak 

formation of FLG is not seen in XRD pattern, because there is a trace amount of FLG in FLG reinforced Al 

matrix composite powders [16]. Moreover, it is seen that the FLG are homogeneously distributed in the Al 

matrix. DSC graph of Al and 0.7 wt% FLG reinforced Al composite powders are shown in Figure 3(b). 
Endothermic peak formation is observed for both powders. According to the graph, there is no change in the 

melting temperature of Al with 0.7 wt% FLG reinforcement on the Al matrix powder. 

 

Figure 3 XRD patterns of (a) 0, 0.1, 0.3 and 0.7 wt% FLG reinforced Al powders; (b) DSC graph of Al and 

0.7 wt% FLG reinforced Al composite powders, (c-d) SEM images of 0.7 wt%. FLG reinforced Al composite 

powders at different magnifications 
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SEM images at different magnifications of 0.7 wt% FLG reinforced Al-based composite powders obtained with 

5 hours MA are shown in Figures 3 (c-d). The composite powders have a flat appearance after 5 hours of MA 

which is different from starting powders. After ball milling as planetary, the powders which was abraded exhibits 

a flattened shape with repeated severe plastic deformation, fracture and cold welding [9]. It is considered that 

the FLG were embedded by the Al matrix powders because of residues the FLG are not visible on the surface 

of the powders. The FLG which were be exposed to agglomerate break down and separate into layers during 

milling. The FLG which have been subjected to this break, embedded in cold-welded Al particles by the ball 

milling [16]. The relative density value was obtained as 97.3 % for FLG reinforced Al-based FGM. Figure 4 
shows how the FLG are graded on the Al matrix from top to bottom of FLG reinforced Al-based FGM produced 

by powder metallurgy.  

 

Figure 4 Grading of FLG on Al based from top to bottom by optical images 

The optical images of (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.5 and (f) 0.7 wt% FLG reinforced Al-based FGM is 

shown in Figure 5. It is seen that the FLG are homogeneously distributed in the Al matrix. Increasing FLG 

throughout the layers in the Al matrix which enables FLGs to act as a barrier in the structure. Therefore, it 

leads to a decrease in grain size [17]. 

 

Figure 5 Optical images of (a) 0 wt%, (b) 0.1 wt%, (c) 0.2 wt%, (d) 0.3 wt%, (e) 0.5 wt% and (f) 0.7 wt% 

FLG reinforced Al based FGM  
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Figure 6 gives information about microhardness (HV) values for each layer of FGM. In the FLG reinforced Al-

based FGM, it was observed that the hardness value increased by 18 % from the first layer without FLG to the 

sixth layer with 0.7 wt% FLG. 

  

Figure 6 The graph with error bar of microhardness (HV) values for each layer of FGM 

4. CONCLUSION 

Functionally graded FLG reinforced Al was successfully fabricated by powder metallurgy. The structural 

properties of FLG reinforced Al matrix composite powders and FLG reinforced Al based FGM were examined. 

It is considered that FLG are embedded in the Al matrix powders because of plastic deformation due to using 

ball milling according to the SEM images. It was observed that the FLG were homogeneously dispersed in the 

Al matrix. It is clearly seen that the FLG increased from bottom to top for the six lavers according to the optical 

images. The increased FLG in the Al matrix relative to the FGM design caused FLG to act as barrier in the 

structure. An increase in the Vickers hardness by 18 % was observed in the last layer with FLG content of 0.7 

wt% compared to the first layer. With this work, more detailed studies on the production and characterization 

of functionally graded materials for graphene reinforced Al or other metal matrix may increase. 
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Abstract 

High strength and low density requirement is the fundamental issue in aerospace industry. Many new 

engineering materials have been focused in recent years. After the 2nd World War, aluminum alloy (AA) 2050, 

(AA2050), which have low density, high fatigue resistance and excellent corrosion resistance, have become 

the focus of attention with their lighter weight, although they show high performance based on strength values 

as other using aluminum alloys in aerospace structural parts such as heavy plate applications, fuselage 

frames, wing skins and bulkheads. In addition to the strength values of materials used, when they show during 

machining, the reactions can change the desired strength values and geometrical dimensions. 

In this study feed rates, spindle speed, and radial depth of cut which directly affect the machining distortion, 

were optimized with the usage of the Box-Behnken experimental design method for AA2050. Based on the 

optimum cutting parameters obtained from the experimental design studies, materials were machined in a 

milling center with using a carbide end mill which have 20 mm diameter and 0.5 mm tip radius. Depending on 

the optimum parameters, cutting speed, material removal rate, and spending time are calculated for mass 

production terminology. Also, with the optimum parameters, on the machined part; geometric dimensioning 

and tolerance data such as perpendicularity, parallelism and flatness were examined, the distortion values on 

the workpiece were obtained. Based on the distortion analysis, a significant improvement has been achieved 

on the workpiece by optimization of cutting parameters. 

Keywords: Milling, machining of AA2050, cutting parameter optimization, distortion 

1. INTRODUCTION 

The tendency to carry the largest number of passengers and ammunition at once, and accordingly to minimize 

fuel, wages, and taxes, is one of the main goals of the aerospace industry. Composite materials and aluminum 

alloys which have low-density and high-strength, are generally preferred in aircraft structures due to their 

weight on cost through fuel. Because of the high manufacturing cost and machinability difficulties of composite 

material, aluminum alloys are the best suitable materials which satisfies critical requirements. While AA2014 

was used in the first years of the aerospace industry, 7XXX series alloys are used in parallel with the yield 

strength requirement from 1960 to nowadays [1]. 7XXX aluminum alloys are a type of heat treated material 

that is frequently used in arches and beams that form aircraft main body structures. The increasing popularity 

of the lightness feature in the industry has led to the use of aluminum-lithium (Al-Li) alloys instead of the 7XXX 

series alloys [2]. For instance, AA2050 compared to AA7050, it has become the focus of attention in the 

aerospace industry, with -4% density reduction, +6% toughness, +46% corrosion resistance, +7% stiffness 

and +25% fatigue resistance [3]. Despite their advanced strength features, parts manufacturing from AA2050 

materials by machining is a serious problem on the basis of machining distortion. 
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This study focuses on the terminology of AA2050, applications on aircraft structures, studies on optimum 

cutting parameters, and machining distortion analysis. AA2050 which contains lower-weight lithium-copper 

metals, is one of the aluminum-lithium series alloys. Lower densities, high strength of materials 

characterizations are the fundamental causes to use in aerospace industries. It was designed to provide 

improvements in strength, toughness, elastic modulus, and fatigue crack growth resistance, together with a 

reduction in density, as compared to conventional non-lithium bearing 2XXX and 7XXX series alloys [2,3]. First 

applications of Al-Li alloy were in the 1960s with the advent of the AA2020 (Alcoa,1958, USA) and then VAD23 

(1961, USSR) as the first generation Al-Li alloys [4,5]. Al-Li alloys are divided into three generations and it 

depends on Li:Cu ratio. AA2050 is the 3rd generation Al-Li alloy. 3rd generation series alloys are created 

because of to understand the effect of chemical composition and microstructure on mechanical and corrosion 

performance and to optimize the thermal-mechanical processing. The improvements of 3rd generation 

aluminum alloys explained the Li and Mg effects which are reducing density, improving strengthening on alloys, 

Zr and Mn for solid solution strengthening, controlling of recrystallization, and Fe and Si effects the fracture 

toughness, fatigue, and corrosion [6]. 

 

Figure 1 Applications of Al-Li and 7XXX alloys and potentials of Al-Li alloys on the aircraft structure [5] 

Al-Li alloys are usually used in aircraft frame, spars, and stringers, for high specific stiffness, high toughness, 

excellent processing, and welding performance with 7XXX series. Today, Al-Li alloys have started to be more 

popular in the aerospace industry than 7XXX series alloys due to advantages such as weight reduction and 

thus high speed and low fuel consumption [7]. For instance; AA7050 which is used in aircraft structural parts, 

are getting ready to be replaced by AA2050 due to their weight. Also; young modulus and tensile yield strength 

of AA2050 are higher than AA7050. However, production, chemical composition (see Table 1) and parts 

manufacturing from AA2050 are more expensive than 7XXX series alloys. Figure 1 shows potentials of Al-Li 

alloys on the aircraft structure [5].  

Table 1 Mechanical and thermal properties of AA2050 [3]. 

 

 

 

 

 

AA 
2050 

Chemical composition (wt%) 

Aluminum Copper Magnesium Zinc Lithium Silver Titanium Zirconium 

95  3.2-3.9 0.2-0.6 0.25 0.7-1.3 0.2-0.7 0.1 0.06-0.10 

Mechanical Properties Thermal Properties 

Density 
(gcm-3) 

Tensile 
strength 
(MPa) 

Yield  
strength 
(MPa) 

Shear 
strength 
(MPa) 

E  
(GPa) 

Melting 
point 
(°C) 

Thermal conductivity  
(W.m-1K-1) 

2.7 496 462 290 76.5 600-655 93.5 
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2. MACHINING OF AA2050 

Based on both the soft material type and the resistance it shows against the cutting tool, the machining of 

aluminum alloys is faster and easier than high-strength metals such as titanium and stainless steel. Along with 

high cutting speeds and low cutting forces, aluminum alloys are undeniably important materials for the 

aerospace industry. AA2050 is among the aluminum-lithium alloys, which is the most popular alloy type in the 

aerospace industry because of the ability of high surface finish in machining [8]. However, the ductility and 

adhesion of the aluminum alloys are the main problem for both, machining distortion criteria occurs when the 

optimum cutting parameters are not used in machining. 

In this research, effective cutting parameters were carefully identified to use in experimental setup. Cutting 

speed due to spindle speed, feed rates, and radial depth of cut due to axial depth of cut are fundamental 

parameters to effect distortion on workpiece in milling process. In the aerospace industry, the distortion is the 

most important problem, and the cutting speed directly affects the distortion of the machined parts. In 

machining, when the cutting speed increases in cutting processes, four main regions emerge as distortion 

such as surface roughness quality. The lowest level of cutting speed, accumulated edge formation and 

deteriorated surface roughness occur. When the cutting speed is increased, surface quality improvement is 

defined. When the cutting speed is further increased, vibration may occur there. Fastest cutting speed created 

a poor surface quality on aluminum alloys. All zones are defined with using milling machine. Another cutting 

parameter; feed rate directly affects the surface quality of the machined parts. For this reason, it is very 

important to determine the optimum values of the feed rates in machining. Optimum feed rate values are 

affected by some other parameters such as chip removal, material type, fixturing, toolpath type etc. In industry, 

final cuts or finish operations require a slight feed of 0.05 to 0.2 rpm [8]. Cutting action that provides the required 

depth of material to be cut is defined as the depth of cut. It should be as large as possible for speed and mass 

production, minimizing the number of cuts required and optimizing strength, chucking equipment, machine tool 

strength, and amount of stock to be removed. Changing of depth of cut effects cutting forces. The depth of cut 

should be limited to a value that will not deform or cause the workpiece to slip or overload the machine. In 

roughing operations, the depth of cut is changes 6 mm to 38 mm. In finishing operations, it goes up to 0-3 mm 

for small workpieces and up to 10 mm for medium and large workpieces [9]. 

All cutting parameters directly effect to the cutting forces. To remove constant chips from workpiece, optimum 

and stable forces are required. The magnitude of the tangential force Ì� depends on axial depth of cut, and 

normal force ÌU is proportional to the radial depth of cut which is the effective reason of residual stress depends 

on radial depth of cut. Cutting force is one of the main reasons of residual stresses in machining. So; in this 

study, optimum cutting parameters were investigated to obtain minimum distortion on workpiece. 

3. APPLICATION OF TAP TEST TO OPTIMIZE CUTTING PARAMETERS WITH USING BOX-
BEHNKEN DESIGN OF EXPERIMENTS 

Design of experiment methods have been used in the machining industry in the last two decades. Experiments 

in machining industry are more expensive than the increased number of experiments. Each of variables such 

as cutting tool types, feed rates, spindle speeds, and values of depth of cut can be changeable at the same 

time, and the costs are very high if each variable is integrated to the experiments. Thus, design of experiments 

methods was used for each variable and optimum results were obtained according to cost and energy 

consumption. Many numerical techniques have been investigated and applied to the machining optimization 

processes. In this study, Box-Behnken method, which is one of the fastest design of experimental methods, 

was generated to optimize the processing parameters. The method was used to optimize the feed rate, spindle 

speed and radial depth of cut. To define range values of parameters, stability diagram which identified by tap 

test, was generated. It calculates natural and forced frequencies of machining task center. The resulting values 
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are called as frequency transfer function. According to the modal analysis of frequency transfer functions, 

stability lobes of machining center is drawn in Figure 2. 

Figure 2 Safety zone due to frequency transfer function and modal analysis 

Resulting of analyzing stability lobes gives the optimum spindle speed and axial depth of cut with respect to 

AA2050 materials and specific machining center. Based on this graphic, Table 2 gives the optimum results 

with the calculation of chatter parameters. 

Table 2 Chatter analysis at constant axial depth of cut due to maximum spindle speed. 

Spindle speed (rpm) Depth of cut (mm) Chatter (Hz) 

5915 7.1196 1900.2500 

7992.5 7.1196 1902.0000 

10070 7.1196 1899.9100 

Data from Table 2 were calculated by using Box-Behnken Design technique. Spindle speed is a type of 

variable factor and selecting of it depends on tap testing results and machine capabilities. Range of axial depth 

of cut mm is defined by chatter vibrations according to the tap test with depending on the workpiece material 
and cutting tool properties. However, radial depth of cut selection is changeable to analyze distortion with 

respect to the workpiece materials. For thin-walled workpieces, one of the most critical aspects of wall milling 

is to use the full length of the cutting tool effectively. For this reason, 0.5, 1.0 and 1.5 mm radial depth of cut is 

used. The appropriate feed range for the carbide cutting tool used in aluminum alloys was investigated in the 

literature review. Specific cutting speed, cutting times and material removal rates were calculated and 

summarized in Table 3. 

According to Figure 2, maximum axial depth of cut was calculated as 7.1196 mm. However, for improving the 

cutting parameters, axial depth of cut was selected 5 mm. With respect to Box-Behnken experimental data, 
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un-coded regression equation was obtained. This is a fundamental data to draw response surface graphical 

charts. 

Table 3 Specific calculations of material removal rate, unit spending time and cutting speed by using specific  

             cutting parameters on Box- Behnken design of experimental setup 

Feed 
(mmin-1) 

Spindle speed 
(rpm) 

Radial depth of cut 
(mm) 

Material removal rate 
(mm3min-1) 

Cutting speed 
(ms-1) 

Cutting time 
(s) 

0.05 10070 0.5 0.79925 502.1835 0.000993049 

0.1 7992.5 1 7.19325 371.65 0.001251173 

0.15 10070 1.5 9.063 632.7118  0.000993049 

0.1 7992.5 0.5 3.99625 502.1835 0.000625586 

0.15 5915 1.5 3.99625 371.65 0.001690617 

4. EXPERIMENTAL SETUP AND RESULTS 

Experimental setup environment was stabilized. Coolant was soluble oil emulsion, temperature was 25C, and 

cutting parameters were generated by Box-Behnken and tap testing. According to the analysis of cutting 

parameters, the setup of machining details was designed. Based on clamping principle in Figure 3, 85x85x110 

mm3 AA2050 stock was clamped. The forces on stock were clearly rigid on both sides and, attachments 

between clamps and tower were created with pins and screws. Another experimental setup was computer 

aided manufacturing design. For this purpose, Siemens NX Cad/ Cam software was used to design clamps, 

stock, and parts and to write toolpath cam program data. After the stabilization and design of the experimental 

components, computer aided manufacturing was generated by using calculation optimum cutting parameters. 

In computer aided manufacturing operations; roughing, and finishing operations were used to analyze 

machining distortions on walls and floor on workpiece. According to the experimental design optimization 

results, at 10070 rpm spindle speed, 0.15 mm feed and radial depth of cut 1.5 mm were found. The biggest 

factor in obtaining these optimum parameter values was determined as the material removal rate of 9,063 mm3 

with a cutting speed of 371.65 ms-1 in 0.000993049 seconds. With these values, in the milling process, 230 N 

as normal force and 210 N as tangential force were found instantaneously on the workpiece. The deformation 

that will occur on the cutting tool changes depending on the instantaneous change of the cutting forces. It has 

a deformation range between -0.017 mm and 0.017 mm. 

 

Figure 3 Clamping principle setup and machining view of AA2050 
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After machining operations of AA2050, distortion which depends on cutting parameters was calculated with 

coordinate measuring machine. Perpendicularity between thin wall and floor, flatness of wall and floor, 

parallelism of two sided walls were measured with sensitive probe tool. The maximum range of measuring 

distortion according to the geometrical criteria was measured in Table 4. 

Table 4 Machining distortion analysis of AA2050 by using coordinate measuring machine 

TYPE +TOL (mm) -TOL (mm) MEASURE (mm) OUTTOL (mm) 

Perpendicularity  ⊥ +0.01 -0.01 0.013 0.003 

Flatness   ▱ +0.01 -0.01 0.011 0.001 

Parallelism  ∥ +0.01 -0.01 0.012 0.002 

5. CONCLUSION 

In this study, the cutting parameters were obtained by tap test and arranged by Box-Behnken design of 

experimental method. The maximum out of tolerance 0,003 mm was observed in the geometrical dimensioning 

and tolerance analysis obtained as a result of the machining operations made with the relevant parameters. 

However, this value was within the tolerance ranges of the aerospace industry and it shows a successful 

optimization with cutting time. Very low values of distortion were obtained from the general tolerance range 

values used in the structural parts. 

Al-Li-based alloys with high compressive strength and fracture toughness and resistance to torsion have 

become the center of attraction in aircraft structures. As mentioned, AA2050 will have popular use in the future 

aerospace industry, and it will require cutting parameters suitable for mass production. Optimization of cutting 

parameters for AA2050, which are aimed to be widely used in the aerospace industry, will contribute to the 

machining industry in the future. 
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Abstract 

Processing of polymetallic ores, especially deep-sea nodules, is always considered as extraction of individual 

metals. This work brings a new approach, i.e. to reduce the ore in a single step without any separation process. 

Such new metallurgical approach does not only save the costs, but also generates whole new alloys. The 

properties of these new alloys were tested. The applicability of the aluminothermic process, as well as the 

composition and possible use of the slag, are discussed. The alloys, containing manganese-based solid 

solution and intermetallics including the popular inverse Heusler phase Mn2Fe(Si,Al), are characterized by high 

hardness and wear resistance. Due to relatively low efficiency of the aluminothermic process, the 

aluminothermic slags contain significant amount of manganese and reasonable portion of nickel, copper and 

magnesium and therefore it could be still used as the raw material after the alloy was obtained by 

aluminothermy. 

Keywords: Deep-sea nodules, manganese, alloy, aluminum alloy  

1. INTRODUCTION 

Deep-sea nodules (Figure 1), i.e. the polymetallic ores located on the seabed of oceans in the depth of several 

kilometres, have been considered for the last decades as the promising raw materials for extraction of various 

metals, such as manganese, cobalt and rare earth elements [1,2]. Considering that the earlier mentioned 

metals are considered as critical raw materials (CRM) by 

European Commission [3], the mining and processing of these 

ores could be of a high importance. However, both the mining 

technology and the metallurgical processing are costly and 

generates a lot of waste, when considering the extraction of 

individual elements from the nodules [4]. The currently available 

processing technologies include both pyro- and 

hydrometallurgical processes and their combinations [5-7]. 

This work brings a new approach - the processing of 

manganese-based deep-sea nodules complexly without the 

extraction of individual metals. As the reduction technology, 

aluminothermy was selected, because of its low energy 

demands and low carbon trace. The possible application of the 

obtained alloy is considered either as the alloy of manganese 

and also as the possible additive for aluminium. Figure 1 Manganese deep-sea nodule 

from Clarion-Clipperton Fracture Zone 
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2. EXPERIMENTAL PART 

The deep-sea nodules, mined in the Clarion-Clipperton Fracture Zone in Pacific Ocean were initially 
characterized form the viewpoint of the chemical composition and also the internal microstructure. The 
chemical composition of the nodules was determined by X-ray diffraction (XRD). In order to observe the internal 
microstructure of the nodules, the nodule was cut and the metallographic sample was prepared of it by a 
standard metallographic procedure including grinding and polishing. The microstructure of the nodule was 
observed by optical (Nikon MA200) and scanning electron microscopy (SEM)-TESCAN VEGA 3LMU with 
Oxford Instruments X-max 20 mm2 energy dispersive spectrometer (EDS). Before the aluminothermic 
reduction, the nodules were crushed to the powder. One half of the powder amount was annealed at 250 °C 
for 4 h for the release of the bonded water, while the other one was annealed at 500 °C for 4 h in order to 
change the oxidation state of manganese Mn3O4 in order to lower the reactivity of manganese. These two 
differently pre-processed powders were mixed and used in the aluminothermic process. Aluminum was used 
in stoichiometric amount calculated to allow the reduction of the oxides of Mn, Fe, Cu, Ni, Zn and Co, as could 
be expected on the basis of the Ellingham’s diagram [8], as well as in the excess of 10 wt%. The 
aluminothermic reduction was carried out in a ceramic crucible of 85 mm in diameter, the batch of 250 g was 
tested. The aluminothermic reaction was initiated by the ignition mixture composed of aluminum powder, 
sodium peroxide and magnesium metal flakes [9].  

The obtained alloys and slags were characterized from the viewpoints of chemical composition (X-ray 
fluorescence spectroscopy - XRF), microstructure, phase composition (X-ray diffraction - XRD - using 
PANalyticalX’Pert Pro diffractometer with Cu anode), Vickers hardness with the load of 10 kg (HV10) and wear 
resistance [9]. The efficiency of the aluminothermic reduction for the reduction of various included elements 
was considered. 

3. RESULTS AND DISCUSSION 

Before the reduction experiments, the chemical composition of the 

nodules and their internal structure were described. The nodule is 
composed of layers of metal-bearing compounds (oxides or 
hydroxides), forming concentric rings around the carbon-rich core. The 
core originates from the residues of organic origin, e.g. the shell of a 
prehistoricsea mollusc (Figure 2). 

The pulverized nodules were analysed by XRD (Table 1) and reduced 

by the above-described aluminothermic process using two different 
levels of the aluminum amount - in the calculated stoichiometric amount 
(referred as “0 % Al”) and with the excess of 10 wt% (referred as “10 % 
Al”). 

Table 1 Chemical composition of the deep-sea nodules, determined 

by XRF [9] (Only the elements with the concentration above 
0.5 wt% are listed) 

Element Mn Fe Si Al Mg Ca Na Cu Ni O 

wt% 30.57 4.41 3.53 2.16 1.87 1.84 1.64 1.18 1.14 bal. 

The results showed that the use of higher excess amount of aluminum in reduction increases the amount of 
the obtained alloy (Table 2). Regarding the chemical composition of the resulting alloys, the only significant 
difference was detected in the case of aluminum content. While the alloy reduced using the stoichiometric 
amount of aluminum contained less than 1 wt% of Al, the use of 10 % aluminum excess lead to the Al amount 

of approx. 7 wt% (Table 3).   

Figure 2 Microstructure of the 

deep-sea nodule 
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Table 2 Weight of the alloys and aluminothermic slags after the reduction and their phase composition 

 malloy(g) mslag(g) phases - alloy phases - slag 

0 % Al 17.7 284.2 Mn0.66Ni0.2Si0.14, (Cu,Mn)3(Al, Si), Mn2P (Fe,Mn)Al2O4, SiO2, NaAl11O17 

10 % Al 22.5 284.6 -Mn, Mn2FeSi, Mn2FeAl, Mn2P (Fe,Mn)Al2O4, SiO2, Al2O3 

Phase composition of the alloys is listed in Table 2. The matrix of both alloys is composed of -Mn or the a 

structurally-relative multicomponent intermetallic phase (Mn0.66Ni0.2Si0.14). The alloy reduced by the 

stoichiometric amount of aluminum contains also (Cu,Mn)3(Al,Si). Instead of this phase, the alloys prepared 

using the 10% excess of aluminum includes the Mn2Fe(Si,Al)inverse Heusler phase, which has been described 

just recently [10,11]. In addition to these phases, both of the alloys contain also manganese phosphide, which 

is located at the vicinity of the (Cu,Mn)3(Al,Si) or Heusler phases, see Figure 3, where the distribution and 

morphology of all present phases can be observed. The dark areas on the micrographs are pores and slag 

residues, which were not separated from the metal alloy sufficiently. The details about the identification of the 

phase composition by X-ray diffraction are listed in [9]. 

Table 3 Chemical composition of the alloys obtained by the aluminothermic reduction (XRF) and the slags 

Element (wt%) 0 % Al - alloy 10 % Al - alloy 0 % - slag 10 % - slag 

Mn bal. bal. 35.1 39.7 

Al 0.9 6.9 37.7 38.0 

Si 10.9 10.2 9.1 8.2 

P 0.4 0.4   

Fe 18.2 17.3 2.1 2.3 

Ni 4.8 4.8 0.4 0.4 

Cu 4.6 4.7 0.4 0.4 

Mg   3.8 5.0 

Ca   3.5 3,4 

  

Figure 3 Microstructure of the alloys: a) 0 % Al, b) 10 wt% Al 
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The slags contain a spinel-type oxide - (Fe,Mn)Al2O4 and silica (SiO2). In addition to these phases, there was 

NaAl11O17 and Al2O3 detected in the case of alloy reduced using stoichiometric amount of aluminum and with 

the 10% excess, respectively (Table 2). The reason for the formation of aluminum oxide is the presence of 

residual unreacted aluminum in the slag, which has high affinity to oxygen. The slag contains significant 

amount of manganese and reasonable portion of nickel, copper and magnesium and therefore it could be still 

used as the raw material after the alloy was obtained by aluminothermy. 

The mechanical, tribological and corrosion parameters of the alloys are listed in Table 4. It can be seen that 

the hardness of the alloys increases with the increasing amount of aluminum used for the reduction. The 

tribological parameters are rather unaffected by the increase of the aluminum content. However, the wear rate 

reaches the values typical for cold-work tool steels (e.g. AISI D2), but without the need of any heat treatment 

[9]. The values of friction coefficient also reach similar level as the tool steels or a bit higher. The values of 

polarization resistance increase with the growing amount of aluminum used for the reduction both in the tap 

water and model seawater. The higher is the polarization resistance, the lower is the corrosion rate in the 

particular environment, so it means that the corrosion rate lowers with increasing amount of aluminum used 

for the reduction. It is caused by the formation of a semi-protective layer of corrosion products (weak 

passivation layer) containing aluminum oxide on the surface [12]. 

Table 4 Hardness (HV 10), friction coefficient (f), wear rate (w) and polarization resistance (Rp) of the alloys 

[9,12]  

Alloy HV10 f (Al2O3) (-) w(Al2O3) (mm³/N·m) Rp(Ω·m2) in tap water Rp(Ω·m2) in model sea water 

0 % Al 732 0.68 1.4 x 10-6 0.416 0.470 

10 wt% Al 790 0.68 1.9 x 10-6 2.138 1.572 

4. CONCLUSION 

The aluminothermic reduction as the method for the processing of deep-sea nodules was evaluated. It was 

found the alloys have the chemical and phase composition strongly dependent on the applied amount of 

aluminium. The alloy reduced using the 10% excess of aluminumcontained the inverse Heusler phase 

Mn2Fe(Si,Al), while in the alloy obtained using the stoichiometric amount of aluminumthere was low fraction of 

(Cu,Mn)3(Al,Si) phase instead. The slag after the reduction can be still considered as the raw material and 

processed further e.g. by hydrometallurgy. The alloys resulting from the aluminothermic process are 

characterized by very good wear resistance, comparable with cold-work tool steels, but without the need of 

any heat treatment. 
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Abstract  

Currently, biosoluble materials are widely used for the manufacture of implants, among which the most 

promising are magnesium alloys. Magnesium is a natural element of the body - it is contained in bone and 

muscle tissue, is involved in various metabolic processes. In addition, magnesium and its biocorrosion 

products have excellent biocompatibility. The main advantage of magnesium alloys is the positive effect of 

magnesium on the human body, but their quality does not meet the requirements for their use in the human 

body. It is possible to increase the properties of magnesium alloys as a result of improving the processes of 

refining and modification of liquid melt. The technology of modification of cast magnesium alloys of Mg-Zr-Nd 

system by dispersed graphite powder is proposed. It is shown that the optimal carbon additive in the amount 

of 0.05 - 0.1 wt% C improves the mechanical properties due to grain grinding and additional strengthening of 

structural components. A complex filter containing equal amounts of magnesite, graphite and limestone is 

proposed, which provides an increased level of refining of the melt to obtain high quality casting. It is shown 

that the use of a complex carbon-containing filter provides not only efficient refining of the melt, but also its 

additional modification. In the structure of the alloy there is an increased amount of intermetallic γ-phase, which 

increases the microhardness of the structural components of the alloy and improves its physical and 

mechanical characteristics.  

Keywords: Magnesium alloy, carbonaceous materials, filtration, modification, refining 

1. INTRODUCTION 

Currently, biosoluble materials are widely used for the manufacture of implants, among which the most 

promising are magnesium alloys. Their main advantage is the positive effect of magnesium on the human 

body. Magnesium is a natural element of the body - it is contained in bone and muscle tissue, is involved in 

various metabolic processes. In addition, magnesium and its biocorrosion products have excellent 

biocompatibility. 

The main requirements for modifiers of magnesium alloys for medical purposes are the ability to form insoluble 

centers of crystallization, stable modification effect, low cost, non-deficiency and non-toxicity. The most 

suitable for these conditions is carbon [1,2], the main advantage of which is its ability to contaminate the metal 

with oxide inclusions and reaction products in contact with the melt [3,4]. Given that carbon is insoluble in 

magnesium [5,6] and its particles or carbides can be additional centers of crystallization, the use of 

carbonaceous materials, in particular graphite, to modify magnesium alloys is a promising direction to improve 

their quality. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

623 

Various fluxes are widely used to protect and refine the liquid magnesium alloy, however, in this case there is 

a risk of contamination of the metal with flux and its refining products [7-9], which leads to flux corrosion and 

reduces the quality of implants. To improve their quality, melt filtration is used before pouring it into the mold 

[10,11] using materials capable of adsorbing flux, non-metallic inclusions [12,13] and providing high quality 

metal and improved mechanical properties [14-16]. It is obvious that different carbonaceous materials will have 

different refining and modifying ability due to their chemical composition and physicochemical properties 

[17,18]. Therefore, the correct choice of filter material, which provides increased refining capacity, maximum 

grinding of metal grains and, as a consequence, increased complex properties of the metal, is an urgent task.  

2. MATERIALS AND METHODS OF RESEARCH 

The magnesium alloy of the Mg-Zr-Nd system (wt%: 0.1 - 0.7 Zn; 0.4 - 1.0 Zr; 2.2 - 2.8 Nd; Mg residue) was 

smelted in the induction furnace of crucible type IPM-500. Refining of the alloy was carried out in a dispensing 

furnace with batch selection of the melt and introduced growing additives of dispersed graphite powder (wt%: 

99.1 C; 0.9 ash) fraction of 0.071 mm, mixed thoroughly and poured standard samples for mechanical tests. 

The samples were heat treated in Bellevue and PAP-4M furnaces according to T6 mode: heating to 540 ± 

5 °С, holding for 15 hours, cooling in air and aging at 200 ± 5 °С, holding for 8 hours, cooling in air. 

The efficiency of purification of the melt by filtration materials was compared by the method of determining the 

characteristics of the surface interaction in different systems. The method of "lying drop" was used for this [19]. 

Samples from the alloy system Mg-Zr-Nd (Ø 7.5 mm × 7.5 mm) were placed in a graphite heater, which was 

located in a quartz glass furnace in the middle of the inductor on substrates of magnetite, limestone and 

graphite. Surface tension (σp.r.), cohesion (Ak), adhesion (Aa) and wetting edge angle (Kp), as well as the 

efficiency of removal of inclusions from the melt during its filtration (Wfi.) were determined [20]. After melting a 

drop of metal and subsequent crystallization, hardened metal samples were cut in half and made sections. 

The microstructure of the metal on the metal-substrate contact surface was studied by optical microscopy after 

etching in 7% alcoholic nitric acid solution. The micro-hardness of the metal was determined on a micro-

hardness tester from Buehler at an indenter load of 10 g. 

The filtration efficiency through different materials was investigated on a magnesium alloy, after refining with 

VI-2 flux (wt%: 38-46 MgCl; 32 - 43 KCl; 8-10 CaCl2; 5-9 BaCl2; 3-5 CaF2). Pre-heated to a temperature of 

500 °C, filter materials with a granularity of 10 - 50 mm alternately poured on the grid of a removable gutter 

bowl 100 mm high, mounted above the mold riser, and poured cast samples with a working diameter of 12 mm 

to determine mechanical properties and metallographic control. 

The temporary tensile strength (σB) and relative elongation (δ) of samples with a working diameter of 12 mm 

were determined on a rupture machine "P-5" at room temperature. The microstructure of the castings was 

studied by light microscopy ("Neophot 32") on heat-treated samples after etching with a reagent consisting of 

1% nitric acid, 20% acetic acid, 19% distilled water, 60% ethylene glycol. 

The chemical composition of castings from magnesium alloys was monitored using optical emission 

spectrometers "SPECTROMAXx" and "SPECTROMAXxF", photoelectric spectrometers MFS-8 and TFS-36. 

3. RESEARCH RESULTS 

The effect of growing additives of fine graphite powder (0.05 wt%, 0.1 wt%, 0.3 wt%). On the structure and 

mechanical properties of the magnesium alloy was studied. The microstructure of the alloy of the Mg-Zr-Nd 

system, cast by standard technology, was a δ-solid solution with the presence of eutectoid (δ + γ phase) 

spherical shape and individual intermetallics γ-phase (Figure 1, a). 
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                                                       a                                                                b 

   
                                                       c                                                                 d 

Figure 1 The microstructure of the magnesium alloy after heat treatment 

a - the source metal; b - additive 0.05 wt% C; c - additive 0.1 wt% C; d - additive 0.3 wt% C 

The introduction and increase in the concentration of the graphite modifier in the alloy helped to reduce the 

size and amount of eutectoid secretions (Figures 1, c-d). The value of the micro grain decreased by 1.5 times, 

however, the size of the structural components by 2 times (Table 1). 

Table 1 Dimensions of structural components and their micro hardness in magnesium alloy samples 

Additive 
modifier C 

(wt%) 

Dimensions of structural components 
(μm) 

Microhardness HV 
(MPa) 

Eutectoid Micrograin Matrix Eutectoid 

without modif. 60 - 330 160 - 280 772 - 899 1012 - 1119 

0.05 60 - 240 100 - 210 985 - 1045 1293 - 1387 

0.1 60 - 200 80 - 200 1015 - 1054 1296 - 1622 

0.3 50 - 180 60 - 180 1065 - 1269 1357 - 1788 

It was found that the micro hardness of eutectoid alloys of the cast alloy was significantly higher in terms of 

matrix δ-solid solution. In the heat-treated alloy there was an increase in the micro hardness of the matrix and 

a decrease in the hardness of the eutectoid, which indicates an increase in the homogeneity of the heat-treated 

alloy. The addition of carbon from 0.05 wt% to 0.3 wt% helped to increase the micro hardness of the structural 

components (Table 1) and, as a consequence, increases the strength of the alloy (Table 2). 

Based on the above, it can be noted that the modification of the magnesium alloy with carbon content up to 

0.1 wt% contributed to the increase of its mechanical properties due to the additional strengthening of the 

structural components of the alloy and grain grinding. Heat treatment increased the homogeneity of the alloy 

60 μm 60 μm 

60 μm 60 μm 
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due to the redistribution of elements between the axes and axial spaces of the dendrites, which led to the 

alignment of properties along the cross section of the metal. 

Table 2 Mechanical properties of samples of magnesium alloy with the addition of graphite powder 

Additive modifier C 

(wt%) 

Mechanical properties 

without heat treatment after heat treatment 

σB (MPa) δ (%) σB (MPa) δ (%) 

without modif. 153 1.9 223 2.9 

0.05 163 2.5 231 4.9 

0.1 178 3.1 240 4.8 

0.3 173 3.0 236 3.5 

Addition to the melt of more than 0.1 wt% of carbon led to contamination of the metal with films, increasing the 

porosity of the material and, as a consequence, reducing its mechanical properties. 

Analysis of research results (Table 3) showed that the surface tension (σp.r.) at the "alloy - gas" boundary in 

the systems "alloy - carbonate substrate" and "alloy - oxide" was at the level of 71 - 80 MJ/m2. 

The flux spread on carbonate materials and practically did not wet the oxide, which caused different values of 

surface tension (σp.r.) on substrates of oxides and carbonates. Adhesion (Aa) at the interface "flux - substrate 

of CaCO3, MgCO3 and graphite" was 131 MJ/m2, 127 MJ/m2 and 124 MJ/m2, respectively, which is 2 - 3 times 

more than the adhesion at the boundary "flux - substrate of oxides ". 

In the systems "alloy - substrate of carbonates" and "alloy - oxide" lower wetting angle and correspondingly 

high adhesion work were obtained for the material with CaCO3. 

Table 3 Characteristics of surface interaction between alloy, flux and substrate material (average values) 

Material 

substrates 

σp.r. σ Аa Аk Kp 

(MJ/m2) (°) (MJ/m2) (MJ/m2) (MJ/m2) 

alloy / flux alloy / flux alloy / flux alloy / flux alloy / flux 

CaCO3 80/79 128/49 32/131 158/155 -126/-25 

MgCO3 71/78 141/53 17/127 141/156 -125/-31 

graphite 73/76 155/50 9/124 143/152 -138/-26 

SiO2 72/103 131/132 24/35 139/204 -116/-170 

Al2O3 75/100 138/144 21/20 149/200 -129/-183 

MgO 71/102 149/138 12/29 141/203 -130/-174 

The depth of interaction between the alloy and the filter material was assessed by metallographic analysis. It 

was found that the magnesium melt penetrated into the filter material with CaCO3 to a depth of 180 μm, which 

significantly exceeded the action of graphite (10 mm) and magnesite (12 mm) (Figure 2). 

An increased number of intermetallics, compared to the rest of the droplet volume, was observed in the surface 

zone of contact of the investigated drops with the substrate material. It was found that more intermetallics were 

found in the surface zone of the drop in contact with the magnesite substrate. The size of intermetallics reached 

25 μm, which is 3 - 4 times more than in drops in contact with limestone and graphite. The size of the micrograin 
in the material of all investigated drops was at the same level (Table 4). 
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                                a                                                     b                                                   c 

Figure 2 Microstructure of the limit of interaction of metal with the filter:  

a - of limestone; b - from graphite; с - from magnesite 

Table 4 Structural components of melt droplets Inc. 

Material 

substrates 

Interaction depth 

(μm) 

Micrograin size 

(μm) 

γ phase size 

(μm) 

limestone unto 180 80 - 155 2.0 - 5.0 

graphite unto 12 80 - 185 3.0 - 7.0 

magnesite unto 10 75 - 150 3.0 - 20.0 

Thus, the best properties of the magnesium alloy are achieved by filtration through a complex filter containing 

limestone, magnesite and graphite. The use of a complex filter [7] in the production of castings from 

magnesium alloys can improve their quality, physical and mechanical properties and increase the yield of 

suitable castings. 

4. CONCLUSION 

1) Additives to the magnesium alloy of dispersed graphite powder up to 0.1 wt% C help to improve the 

mechanical properties of the metal due to the additional strengthening of both solid solution and 

eutectoid. This changes the parameters of the eutectic transformation and reduces the eutectoid δ + γ. 

Heat treatment helps to increase the homogeneity of the metal between the axes and axial spaces of 

the dendrites. 

2) It is established that in the process of filtration of magnesium melt through carbonaceous materials 

(magnesite, limestone and graphite) its effective refining was provided. The use of a filter containing 

equal amounts of magnesite, graphite and limestone when pouring magnesium alloy provided a 

reduction in the size of the structural components of the metal by 1.5 times, increased its strength by 

20% and ductility almost twice. 

3) It is established that when the filter materials interact with the magnesium melt, it is effectively modified. 

In the structure of the alloy there is an increased amount of intermetallic γ-phase, which increases the 

microhardness of the structural components of the alloy and improves its physical and mechanical 

characteristics. 

4) The use of carbon-containing materials for the modification and refining of magnesium-based alloys is 

quite effective for improving the quality of medical casting and improving its physical and mechanical 

properties. 

85 μm 85 μm 85 μm 
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Abstract 

A novel technique was developed to fight magnesium fires of different sizes and vigour. In essence, cellulose 

flakes, as they are used as blow-in insulation material, are modified with inorganic salts. The salts constitute 

30 wt% of the mix and are intimately mixed into the flakes. Sodium borate and magnesium sulfate were found 

to be particularly effective. These salt-laden flakes are transported to a burning magnesium spot by an 

optimized blow-in machine (dilute phase conveying). From a distance of between 3 and 10 m, the flakes are 

directed at the magnesium fire. What seems to be counterintuitive works effectively and efficiently: The flakes 

take a few seconds to completely cover the entire metal fire. Then, the fire ceases for a short period of time, 

due to oxygen deficiency under the “blanket”. It is at that point in time that a water mist can be directed at the 

covered, burning metal heap. The water will soak the upper flakes and then, heated by the lower-lying metal, 

start evaporating, while the fire is deprived of oxygen and is made to cool down. The water mist attack can be 

carried out for an extended period of time. The mixture with 15 % of sodium borate was found to work best, by 

yielding the most stable crust. The novel process allows to control a medium to large-scale magnesium fire 

within less than one minute, with substantially lower danger potential for fire fighters than in current practice. 

Keywords: Metal fires, oxyhydrogen explosion, safety, die casting 

1. INTRODUCTION 

Magnesium allows more lightweight and thinner parts than aluminum and can be the material-of-choice for 

several specialty and high-volume applications [1]. One of the drawbacks of magnesium is its autoignition 

behavior of the melt, which needs to be controlled with complex measures. For instance, in Mg die casting 

processing, the melt is blanketed with heavy gasses such as SF6 or SO2. Also, magnesium chips bear a fire 

risk. When a magnesium fire does occur, be it at a die casting factory, at a scrap yard, or worse, during 

transportation, it is difficult to extinguish, because of the high flame temperatures. The traditional approach to 

attack a magnesium fire is to shovel sand onto the burning metal, in order to shield it from atmospheric oxygen. 

This technique has 2 disadvantages: 1) firefighters need to approach the fire closely; 2) when the sand is 

tossed onto the metal fire, its high density will cause splashes, which might cause a spread of the fire, and 

perils for the first line attackers, from oxyhydrogen explosions resulting from moist sand to molten metal drops 

damaging the protective equipment and endangering the fire fighter.  

Despite the known precautions, magnesium fires still occur, with great damage potential [2]. 

The aim of this work was to develop an alternative approach to extinguishing magnesium fires. There is also 

a fire risk from other metals, e.g. lithium in lithium ion batteries, so the topic is a very current one. When 

embarking on the project, the authors were determined to develop a solution which does not rely on 

halogenated compounds. The work started with a thorough literature research on magnesium fire fighting [3]. 

Fine magnesium powder is also dust-explosive [4,5]. 
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Magnesium ignition and flammability depend on the chosen alloy [6].  

In [7], pneumatic conveying was used to transport cement powder to a magnesium fire. The fire suppression 

tests in [7] “demonstrated that pneumatic conveying could effectively transport cement powder to the 

combustion area for suppressing metal magnesium fire. The fire suppression effect of cement powder in metal 

magnesium fire is ascribed to the formation of a thermally insulation layer as physical barrier”.  

Therefore, the purpose of this work was to find a new approach to make fighting a magnesium fire safer.  

2. EXPERIMENTAL 

It was decided to carry out field tests with larger quantities of magnesium flakes, to obtain results with high 

relevance for practitioners (fire fighters). Hence, the focus of this work was not on a detailed description of the 

combustion process in a controlled lab environment, but rather on whether the process works under real-world 

conditions with e.g. influences by the weather. A quarry in St. Gallen/Austria was chosen for the experiments.  

Flakes of magnesium were piled up on dry sand with quantities between 2 kg and 75 kg and ignited with a 

torch. After full development of the metal fire, cellulose flakes containing 30 wt% of inorganic salts (sodium 

borate, sodium chloride, magnesium sulfate, potassium chloride and boric acid) were applied by pneumatic 

conveying. The delivery rate was 20-60 kg/min. Depending on the size of the fire, the time to completely cover 

the flames was between 10 s and 90 s. Interestingly, the flakes caused the flames to disappear, from the effect 

of shielding the unburnt metal from fresh air/oxygen. Before the flames could reemerge (which would happen 

after 20 to approx. 100 seconds, depending on the thickness of the applied flakes and the amount of burning 

metal, a water mist was applied to the pile of flakes. Thereby, the fire could be controlled effectively. The water 

partly soaked the unburnt, upper part of the cellulose cover, and was evaporated from the underlying heat. 

The charred bottom part of the cellulose flakes were found to provide a sufficiently stable crust for the water 

mist. A water jet would have “blown off” the charred cellulose cover and immediately have led to a spread of 

the molten metal and its reignition, with oxyhydrogen explosion. The mixture of the salts in the cellulose flakes 

had been optimized in lab trials [8, 9], and was confirmed in a field trial with up to 75 kg of burning magnesium. 

The amount of flakes there was needed to control magnesium fires of different sizes - see Figure 1 below. 

 

Figure 1 Control of magnesium fires with cellulose flakes 

As it can be seen, 90 kg of flakes were needed to control 75 kg of burning magnesium. With uncoated, pure 

cellulose flakes, also a remarkable result could be achieved, with 120 kg of required material. 
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For the application of the flakes, a special container was developed, with blow-in machine, diesel-based power 

generator, control system and storage room for the flakes, see Figure 2 below. 

 

Figure 2 The container for fighting magnesium fires, prototype (2022) 

The firefighting approach presented in this work seems counterintuitive, because water is used to extinguish 

burning metal. This is rendered possibly for firstly applying a cover of cellulose flakes, which becomes solid 

due to charring and the contained mineral salts. The critical success factor of the cellulose flakes is their low 

bulk density, which avoids splashes of molten metal, in contrast to heavier agents such as sand or pure salts. 

The novel technique can increase the safety of fire fighters in the magnesium processing industry, such as in 

die casting operations, or also where magnesium flakes are processed, e.g. in the recycling industry.  

3. DISCUSSION 

In this work, the authors could demonstrate that magnesium fired with up to 75 kg of burning metal can 

be controlled by covering them in a blanket of cellulose flakes, which contain metal salts. The subsequent 

water mist cooling was found not to provoke any oxyhydrogen explosion, but rather to withdraw heat. 

Thereby, the fire can be controlled effectively and efficiently. Splashes of molten metal are avoided, and 

the heat can be extracted. A major added value of the new process is increased safety for the firefighters, 

since traditionally, they had to approach the metal fire really closely in order to control the flames fast. 

That safety-related problem could be eliminated, because the cellulose flakes can be applied to the fire 

from a greater distance than e.g. sand or cement particles. 

Trials were made with up to 75 kg. It is expected that magnesium fires in die casting factories will involve 

lower quantities of metal. Larger quantities can be encountered in scrap containers. Also for such fires, 

the approach of using cellulose flakes is recommended as first line of attack. Also, it is suggested that fire 

fighters that could be sent to magnesium fires get a training in the novel process. 

The flakes should be kept in sealed bags to avoid that they absorb moisture. Like this, they can be stored 

over extended periods of time. The functioning of the mobile power generator should be checked regularly 

to ensure its operability when needed.  

4. CONCLUSION 

The traditional methods of fighting metal fires are not always safe for firefighters. Coated cellulose flakes, 

which contain approx. 30 wt% of inorganic salts, are blown onto the fire from a distance of several meters. 

Due to the low bulk density, the material settles smoothly on the fire and immediately covers the flames 

for several seconds. Before the hot, covered metal can break through the cover, in a second step a fine 
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water mist is applied to the now-covered fire. It was observed that no hydrogen is formed and that the fire 

can be controlled in this way. 90 kg of flakes could safely bring a pile of 75 kg of burning Mg flakes under 

control. By using a pneumatic conveying unit for the flakes, firefighters can effectively and efficiently cover 

the flames from a safe distance. The novel method can be recommended to fire fighters in industrial 

magnesium processing plants, and to local fire fighters in the vicinity of such plants. 

The presented approach to attack magnesium fires is definitely not a “classic, textbook-style” magnesium-
fire remedy, but definitely an attractive one from the angle of safety, costs and environmental performance. 
Right application requires some on-the-job training, which can be administered at short notice. 
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Abstract 

The article deals with the thermodynamics of the process in the ore-thermal processing of copper smelting 

slag, the experimental study of ore-smelting processing of copper smelting slag, and the development of a 

mathematical model for obtaining iron-containing alloys from copper slag, development of a technological 

scheme for obtaining iron-containing alloys from copper slag-information on the application and approbation 

of the technology in the production of the results. 

The assessment of the possible direction of the carbothermic reactions that take place between the oxidised 

compounds in the slag and the carbon was carried out by changing the thermodynamic values of the system. 

Thermodynamic analyses were performed, taking into account the temperature dependence of the isobaric-

isothermal potentials (Gibbs free energy). 

Keywords: Carbothermal reduction, pig iron, copper slag, thermodynamic analyses 

1. INTRODUCTION 

Iron oxides are complex heterogeneous, physicochemical processes involving solids, liquids and gases. 

Changes in a system's thermodynamic and kinetic parameters are interrelated by the simultaneous passage 

of continuous chemical processes and physical events. The heat and mass transfer methods of reducing 

reagents and reaction products depend on the kinetics of oxidation dissociation processes, diffusion in 

gaseous forms, adsorption of gases in complete and incomplete media, external surfaces, etc. The kinetics of 

the process, temperature, pressure, regenerative composition, and the basic physical structure of the oxide 

significantly influence its change in the process. It also has a considerable effect on the kinetics of the process, 

temperature, pressure, chemical composition of the reducing agent, physicochemical state of the oxides, the 

degree of interaction of the phases, and so on. The structure of a solid surface is determined by the properties 

and laws of its internal structure, as well as complex and diverse chemical and physical processes and events 

(adsorption, desorption, formation of new designs, diffusion, etc.) that significantly affect the reaction ability of 

the oxide surface. More harmful substances are used about oxygen than iron as regenerators [1]. 

2. OBJECTS AND METHODS OF RESEARCH 

As a result of many years of research, it has been determined to provide various mechanisms to explain the 

laws of solid oxide recovery: bonds, term dissociation, two-stage adsorption-autocatalytic (with SO 

regeneration), sublimation oxide, gas carbide, unstable gaseous substance recovery scheme, etc. suggested. 

The most widely used theory of G.I. Chufarova [1] is an oxide recovery scheme's two-stage adsorption-catalytic 
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method. According to this theory, the interactions between oxides and carbon are carried out by two-stage 

mechanisms involving the gas phase as follows, and the gasification is regenerated with carbon by reaction 

[1]: 

MeO(s) + SO(gas) = Me(s) + SO2(gas),             (1) 

S(s) + SO2(gas) = 2SO(gas)               (2) 

MeO(s) + S(s) = Me(s) + SO(gas).             (3) 

First stage recovery with raw materials directly links way with a link on the local border oxide, and solid carbon 

reciprocal as a result of the effect increased a d i. Solid regenerator and oxide between direct link limited. If 

so, the mutual diffusion coefficient will be small. Reaction firm when, as usual, a thin layer on the surface of 

the oxide does not form a solid product, the reagents solid diffusion in phases. 

Following places restored working gas phase through straightforward way goes with. The central part of the 

recovery will depend on the gasification kinetics of the carbon, the presence of oxidants, and the process 

temperature. 

the lower When reduced by carbon-containing gases, the carbonisation of raw materials to carbon occurs. The 

carbon content depends on the temperature and the gas’s CO2:CO ratio. When metals are restored, they can 

form bonds with carbon and form carbides [1]. 

Temperature, gas composition, pressure, the thickness of the recovered raw material layer, and other factors 

can alter the course of the diffusion or kinetic process. The change in order causes factors that affect the speed 

of the process. The development of adsorption-chemical methods of recovery of iron and its oxide compounds 

in a gaseous environment determines recovery kinetics. It plays a significant role in forming the porosity of the 

formed sand. 

The role of indirect reduction reactions is determined by the temperature and strength of the oxide. More stable 

oxides, i.e., Cr2O3, TiO2, ZrO2, etc., are thermodynamically weak monoxides, and in practice, it can be seen 

that the recovery of the solid phase in the gas phase is high [2]. 

Despite the analysis of theoretical teachings and practical research results, the thermodynamics and 

mechanism of the solid phase recovery process have not yet been sufficiently studied. Studies confirm that 

the tool of the process is that certain oxides travel between different temperatures. There is no single invariant 

law of the solid phase recovery process. For this reason, the methods of solid-phase recovery of any iron-

containing compounds are based on the composition of the raw material being recovered. 

The process of recovering iron from oxides proceeds step-by-step according to the Fe-O diagram, not only in 

oxides but also in the solid solutions. A.A. Baykov's transition from high oxides to low oxides on the principle 

of a sequence of cycles occurs in the following line: at temperatures above 560 °C following Fe2O3 → Fe3O4 

→ FeO → Fe and below 560 °C, hematite is reduced to ferrous metal Fe2O3 → Fe3O4 → Fe. 

Based on this principle, several researchers have conducted their research, including [3], in which the 

properties of hematite recovery at low temperatures were considered. The removal of oxygen from the 

hematite surface causes an excess of iron ions, which causes the Fe+ ions to cross the phase separation 

boundary. Enrichment of the Fe+ phase section boundary with Fe+ ions converts the hematite to a magnetite 

lattice. Simultaneously with the transfer of the border to the crystal, the free hematite surface is also advanced, 

resulting in the formation of channels. The growth process of the recovery product, which determines the 

process mechanism, is divided into diffusions within the boundaries of the phase section. 

The research results also showed that it was found that the theoretical foundations and the practical 

foundations of the restoration of iron and its bases in the solid phases are sufficiently different from each other. 
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The known transition process of Fe3O4 → FeO inthe temperature range of 600 – 620 °C in the solid phase 

recovery of iron-containing sludge formed by the electric furnace process using carbon. Low temperature 

stability of FeO, the formation of cementite as a result of the reaction 3FeO = 3C = Fe3C + 2CO2, and raising 

the temperature to 900 °C, resulting in the reaction of Fe3 + CO2 = 3Fe + 2CO to obtain carbon monoxide and 

metallic iron. For this reason, it has been found that the recovery temperatures of different sludge vary. 

The progress rate and completion rate of the solid phase recovery process depend on the heating rate of the 

sample discovered. [4,5] found that when the heating rate was increased from 2.9 to 9.8 °C/min, the starting 

point of the hematite recovery temperature increased by 10-45 °C, and the recovery temperature of the wustite 

decreased by 20-60 °C. In this case, it can be determined that a sudden increase in the recovery temperature 

accelerates the recovery process of viscous iron. 

The rate of dissociation of oxides is greatly affected by the reactivity of the regenerator. The recovery capacity 

of carbon-containing raw materials depends on the composition of the volatiles and ashes, the porous structure 

and the specific surface area. For this reason, the process of recovering iron-containing raw materials with 

coke, coal, lignite, graphite, and several other carbon-containing compounds has been studied by various 

researchers. 

In particular, charcoal, with its high porosity and specific surface area, has several times higher recovery 

capacity than other carbon-containing compounds. It reacts at 650 °C. With the onset of the recovery process, 

the volatile substances are bound, and the recovery phase of the iron-containing compounds begins in a short 

period. This means that its reactivity is high [6]. 

Furthermore, in [7], the researchers studied the kinetics of the recovery of iron oxides with Acheson graphite 

and charcoal as solid-phase regenerators. The experiments were performed in the temperature range of 

950 °C. Cementite is formed at significantly lower temperatures, and the amount of iron carbides decreases 

with increasing metal volume. The recovery process continues in the long run until the complete recovery of 

iron, the formation of which ends with the appearance of α-, γ-iron metal in solid solutions of carbon. γ → α is 

formed to form α-iron, which contains up to 0.02 wt% carbon, and the residual carbon forms carbide in the 

process. 

In another [8] study, a solid-phase recovery process using MPG6 carbon as a regenerator was performed, and 

it can be seen that the recovery of Fe2O3 was carried out in 3 stages: 

(480-820°C) 6Fe2O3 + C → 3Fe3O4 + CO2            (4) 

(820-1000°C) Fe3O4 + C → 3FeO + CO(CO2)            (5) 

(1000-1185°C) FeO + C → Fe + CO(CO2)            (6) 

The temperatures to achieve the maximum recovery rate are 780-980 and 1010 °C. During the carbon-thermal 

recovery of magnetite enrichments [9], large amounts of metallized iron were formed only at temperatures 

above 900 °C, with a metallization rate of 950 °C reaching 33 %. The degree of metallization at 1000 °C is 

27.4%. At temperatures below 900 °C, the metallization rate is 5 %. The highest degree of metallisation is 

recorded at a temperature of 550 °C. The conversion of iron oxide to magnetite is 11.1 % in terms of oxygen. 

In general, it was found that the kinetics, mechanism and reaction rate of the solid phase recovery process of 

iron-containing raw materials vary depending on the composition of the recovery and recovery products. 

3. RESULTS AND DISCUSSION 

For the study, the loading copper slag was 20 kg, the melting rate was 8 kg/h, and the size of the graph crucible 

was ø60xN63 in a gas furnace. The gas oven is equipped with a rotating mechanism, and loading and 

unloading are done manually. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

635 

An average sample of copper slag was prepared for the test, the composition of which is given in Table 1. 

Table 1 Chemical composition of copper slag (wt%) 

CuO ZnO PbO Fe2O3 S SiO2 Al2O3 CaO + MgO Etx. 

1.34 1.04 0.2 42.4 1.3 33.3 5.4 5.0 10.02 

 
Figure 2 Map energy-dispersive spectroscopy (EDS) analysis of copper slag 

The charge loaded on a graphite crucible was placed in a gas furnace. The oven temperature went from 1300-

1400 °C. 

An increase in the consumption of the regenerator does not lead to the formation of cast iron for the reasons 

given above but instead to a decrease in the silicon. 

The effect of the degree of metallisation of iron on the melting temperature was realised in several stages. 

Melting time was chosen to be 60 minutes. The results are shown in Figure 2.  

 

Figure 3 The effect of the degree of metallisation of iron on the melting temperature. Melting time - 60 min 
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From the data in Figure 3, it can be seen that the degree of metallisation increases with increasing 

temperature. However, the rate of occurrence of reduction reactions is not high. This fact can be explained by 

the fact that the newly formed metal can be re-oxidized by iron. It should also be noted that the degree of 

metallisation decreases at temperatures above 1250 - 1300 °C. 

At these temperatures, the slag raw materials soften completely, partially melt, and the flow of reduction 

reactions becomes difficult. These circumstances had to be taken into account in continuing the process. 

In the study’s second phase, the optimal melting time was determined. The experiments were performed with 

slag of the same composition, and the retention time at constant temperature (1400 °C) ranged from 5 to 30 

min. The results of the study are shown in Figure 4. 

 

Figure 4 Time dependence of the degree of metallisation of iron 

As shown in Figure 4, an increase in temperature accelerates the melting time. However, performance on the 

alloy is associated with high-temperature consumption. It is thermodynamically impossible to obtain cast iron 

by reducing it by 10-15% of iron, so it is necessary to arrange a coke filter when receiving cast iron. Extracting 

copper from a poor iron alloy is tricky, and its solution is not yet available. 

 400 µm  400 µm 

 400 µm  400 µm 

Figure 5 A microscopic view of the alloy formed 
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Figure 5 shows the appearance of molten slag under a microscope for 1 hour at a temperature of 1300-

1400 °C, and the resulting iron-containing alloy and slag can be seen. 

The ore-thermal processing of slag was a copper-iron alloy, which depends on the amount of recoverable iron; 

the copper content varies between 1.4-2.24 wt%. The transition of copper to the alloy was 55.7-75.6 wt%. 

   
Figure 6 Map EDS analysis of the resulting alloy 

The best performance was obtained through a two-step process. In the first stage, the amount of copper in the 

alloy was increased to 4-10 wt% by reducing the amount of iron by 10-15 wt%. In the second stage, an alloy 

containing <1 copper was obtained. 

When the slag consumption was more than 20 % of the initial slag mass, the total recovery of iron was up to 

83 wt%, the iron content of the alloy was 84-93 wt%, and the copper alloy was 0.9-1.4 wt%. 

4. CONCLUSION 

From a thermodynamic point of view, the theoretical basis for the process of obtaining metallised products by 

reducing metal oxides in copper slag with carbon-containing reducing agents has been developed. 

Chemical reactions of metal oxides in copper slags with the participation of carbon and carbon monoxide and 

the mechanism of these reactions were developed. 

The effect of temperature increase on the change in Gibbs energy and equilibrium constant in the chemical 

reactions of this carbothermic recovery has been studied. Accordingly, all reduction reactions with solid carbon 

have positive results at 1573 K (or at 1300 °C), i.e. all chemical reactions occur in practice. However, it has 

been proved that in the process of recovery with is gas, only recovery reactions can take place in the presence 

of copper lower oxide and fayalite lime. 

The values of the results obtained from the thermodynamic analysis of the process of reduction of metal oxides 

in copper production slags with solid carbon and carbon dioxide and the conclusions drawn from these values 

were found to be entirely consistent with the experimental results obtained from production practice. 

It was concluded that it is possible to obtain metallised raw materials by processing silicate slags of copper 

production in furnaces smelting with solid carbon at 1573 K (or 1300 °C). 

The best performance was obtained by a two-stage process, in which the first stage reduced the iron by 10-

15 %, and the alloy contained 4-10 wt% copper. Then, in the second stage, the alloy could be obtained with a 

copper content of <1. The slag consumption in the smelter was more than 20 % of the initial slag mass, the 

total recovery of iron was up to 83 wt%, the iron content of the alloy was 84-93 wt%, and the copper alloy was 

0.9-1.4 wt%. 
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Abstract 

In the conventional powder metallurgy (PM) process route, finished components are produced from metallic 

powder materials by pressing at room temperature followed by pressureless sintering in a furnace. This simple 

method for fast and cost-effective processing is not suitable for γ-based titanium aluminides. Due to their 

brittleness, these cannot be compacted in the conventional way. In order to qualify this group of alloys for the 

PM route, a possible solution is the addition of elemental titanium or aluminum powder. In this study, the basis 

is commercially available pre-alloyed TiAl44-4Nb-0.7Mo-0.1B (TNM) powder with high application potential for 

example in the aerospace industry. Investigations are carried out to determine the influence of different 

admixtures of elemental powders on the compaction result and the resulting mechanical properties. The TNM 

powder is mixed with pure titanium and aluminum powders and pressed to a compact using graphite as tool 

lubricant. The results show that the admixture of elemental powders enables the consolidation of TNM powder. 

However, depending on the load applied, a certain minimum proportion of the respective elemental powder is 

necessary to produce a compact. Furthermore, a significant influence on the relative density as well as the 

strength of the pressed product can be observed. 

Keywords: Powder compacting, TiAl powder, powder mixture, mechanical properties 

1. INTRODUCTION 

Titanium aluminides, especially γ-based titanium aluminides (γ-TiAl), possess high stiffness, high specific 

strength, good corrosion resistance, high temperature resistance and a density of 3.9-4.2 g/cm³ [1]. These 

properties make them particularly interesting for the automotive and aerospace industries, e.g., as a substitute 

for titanium- or nickel-based alloys with the associated weight reduction. 

They are however difficult to process due to their brittleness caused by the low number of sliding planes [2]. 

The processing of pre-alloyed TiAl powder within the conventional powder-metallurgical (PM) process route, 

consisting of die pressing with subsequent sintering, has not been possible so far [3]. With pre-alloyed powder, 

the alloy composition of the finished sintered material is already present in each powder particle, so that 

homogeneous properties are available without prior powder mixing [4]. Processing is currently carried out 

using the field-assisted sintering technique (FAST) or hot isostatic pressing (HIP) [5].  

A potential solution to qualify the conventional PM route is to mix the brittle TiAl powder with ductile pure 

powder to enable consolidation by die pressing [6]. When producing a component from powder in the 

conventional PM route, the aim is to achieve a defined or the highest possible relative density after die 

pressing. Investigations showed that parameters such as material, particle shape and pressing load influence 

the resulting properties [7]. In 1967, Heckel [8] already reported an increase in relative density with increasing 

compaction load for iron, nickel, copper and tungsten powders. Machaka et al. [9] showed the influence of 

different particle geometries and the compaction load on the resulting relative density of titanium. Tiwari et al. 
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[10] mixed two different powders, elemental aluminum powder and elemental iron powder, and attained better 

compressibility by an increase in relative density with increasing pressure. Gethin et al. [11]reported, that the 

addition of ductile powder to brittle powder significantly improves compaction during die pressing. So far, the 

influence of admixing several different powders to a powder like TNM, which cannot be consolidated by simple 

die compaction, on the resulting properties of the compact has not been investigated. However, it can provide 

the basis for qualifying the conventional PM route for TNM.  

In this study, the consolidation of commercial pre-alloyed TNM powder with the addition of elemental Ti and Al 

metal powders is investigated. The aim is to analyse the influence of different proportions of elemental powder 

additions on the consolidation of TNM powder. The results are evaluated based on the resulting relative density 

and tensile splitting strength [12]. 

2. MATERIALS AND METHODS 

The basis of the study is the pre-alloyed γ-based TiAl44-4Nb-0.7Mo-0.1B (TNM) powder provided by the 

company GfE Gesellschaft für Elektrometallurgie mbH. The spherical particle size varies in the range of 45 to 

150 µm. In order to be able to exclude an influence of the particle size and particle geometry[13], spherical 

elemental powders with a similar size (50 to 150 µm) were used. For this, Titanium Grade 2 of ECKART TLS 

GmbH and aluminum 99.5 of ECKA Granules Germany GmbH, hereinafter referred to as titanium and 

aluminum powders, were used. The elemental compositions according to the manufacturers are shown in 

Table 1. All powder percentages mentioned in the paper are presented in weight percent (wt%) unless stated 

otherwise. 

Table 1 Chemical composition of TNM, Titanium Grade 2 and aluminum powder (wt%) 

powder  Ti Al Nb Mo B Fe C N H O 

TNM 60.07 28.60 9.00 2.30 0.03      

Titanium Grade 2 ≥ 99.3     ≤ 0.30 ≤ 0.08 ≤ 0.05 < 0.01 ≤ 0.25 

Aluminum  99.5         

To produce the powder mixtures, the TNM powder was used as base material and mixed with different 

proportions of titanium or aluminum powder (Table 2, (1) and (2)). Additionally, titanium and aluminum powder 

were then added according to the titanium to aluminum ratio present in the TNM powder (Table 2, (3)). 

Furthermore, reference samples were prepared with 100% elemental powders. The minimum additions of the 

elemental powders to obtain a compact in one piece were determined in preliminary tests at increased loads. 

The powder mixtures described were pressed with 300 or 600 MPa in order to achieve a compact in one piece. 

To obtain a homogeneous mixture, the respective powder compositions were mixed for one hour in a 3D 

turbular shaker mixer of Willy A. Bachofen GmbH. 

Table 2 Experimental design (wt%) 

# TNM  50 40 30 20 0 

(1) Titanium - - 70 80 100 

(2) Aluminum 50 60 70 80 100 

(3) Titanium/Aluminum - 40.6 / 19.4 47.4 / 22.6 54.2 / 25.8 67.7 / 32.3 

The subsequent processing of the powder took place in a conventional die compaction process. In order to 

achieve the most homogeneous density distribution possible, a floating die was used, which is mounted on 

springs to enable pressing on both sides when the pressing force is applied to one side to reduce the relative 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

641 

motion between die and powder. The experimental setup is shown in Figure 1. Before the start of each test, 

all contact points between tool and powder were coated with graphite spray to enable ejection after pressing 

[14]. To ensure best possible comparability, all samples produced should have the same dimensions, 20 mm 

in diameter and height at 100% compaction. The powder was compacted on a hydraulic hand press of MSE 

Teknoloji LTD with a pressure of 300 MPa and 600 MPa. 

 

Figure 1 Experimental setup 

The density of the compact was calculated by measuring weight as well as diameter and height. Then, the 

density was divided by the referential full density, which is 4.15 g/cm³ for TNM according to the manufacturer 

[15].In order, to characterise the overall bond quality between the powder particles, the tensile splitting strength 

was determined in accordance with DIN EN 12390-6:2010-09 [16]. The sample was placed on a flat metal 

plate and loaded radially with a test specimen in the form of a cylindrical pin until failure. Primarily, the required 

force was recorded by means of a load cell. According to the standard, the splitting tensile strength fc  is 

calculated using the following formula [16]: 

�X� = ) ¯ T
� ¯ e ¯�               (1) 

where: 

fct - splitting tensile strength(MPa) 

F - maximum load (N) 

L - length of the contact line of the sample (mm) 

d - specified cross-sectional dimension (mm) 

3. RESULTS AND DISCUSSION 

The relative densities of the pressed parts made of TNM powder after the addition of different proportions of 

elemental titanium or aluminum (left) and titanium and aluminum powder (right) at different pressing loads are 

shown in Figure 2. Comparatively high proportions of elemental powder, 50 or 60% aluminum and 70% 

titanium powder are necessary to produce a compact at all, because as obtained in the preliminary tests, TNM 

is not processable through die compaction, unlike the elemental powder. In this context, ductile material can 

be pressed better than brittle material [6]. In relation to the titanium powder, a lower proportion of aluminum is 

necessary in the TNM for the successful production of a compact. Also, the addition of aluminum powder leads 

to a higher relative density than the addition of titanium powder. The necessary proportion of aluminum for the 

production of a compact and to obtain the highest possible density depends strongly on the pressure used [7]. 

Thus, at a pressing load of 300 MPa, more aluminum is required to produce a compact than at 600 MPa 
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(Figure 2 (left)). The relative density of the compacts increases with a higher proportion of aluminum powder, 

while at the same time the influence of the pressing load decreases. With 100% aluminum powder, an almost 

complete compaction is achieved with relative densities of approx. 98% at both applied loads [17]. With the 

addition of elemental titanium powder, it was not possible to produce an intact compact in one piece at 

300 MPa pressing load, so a corresponding reference with 100% titanium powder was not used. In the 

experiments carried out at 600 MPa, a similar effect to the addition of aluminum powder was observed. With 

increasing titanium content, the relative density increases until it reaches about 86±5% at 100% titanium, which 

is consistent with the literature [9]. 

When titanium and aluminum powders are used according to the ratio present in the TNM powder, a minimum 

proportion of 60% in the TNM powder is required at 600 MPa pressing load, while 70% is required at half of 

that load to produce an intact compact (Figure 2 (right)). When the elementary powder proportion is raised 

further, the relative density increases until it reaches 90±1% at 600 MPa pressing load and 79±1% at 300 MPa 

for 100% titanium and aluminum powder. Both values are below the relative densities that result from pressing 

exclusively aluminum powder. 

 

Figure 2 Relative density as a function of different proportions of elemental titanium or aluminum powder 

(left), titanium and aluminum powder (right) 

Figure 3 shows the results of the tensile splitting tests of the samples compacted at a pressing load of 300 or 

600 MPa with different admixtures of elemental aluminum or titanium (left) as well as aluminum and titanium 

powder (right). The trend observed in the relative densities (Figure 2) continues here. As the proportion of 

elemental powder increases, the tensile splitting strength tends to increase from 1.6±0.2 MPa (with 50% 

aluminum powder and 600 MPa load) to 5.4±1.1 MPa (100% aluminum powder, 600 MPa load). The tensile 

splitting strengths of samples produced at lower loads (300 MPa) follow a similar trend to the respective relative 

densities. Thus, when aluminum powder was added, no dependence of the strength on the pressure load can 

be observed. An exception is observed for the samples with 60% aluminum content. There, significant 

fluctuations in strength can be observed. A possible cause could be the uneven application of lubricant to the 

die. As a result, the friction on the die wall was higher during ejection, which resulted in a higher load, and 

most likely in non-visible pre-damaging of the compact. When titanium powder was added, the splitting tensile 

strength was below the values for aluminum powder addition, analogous to the corresponding relative 

densities. Consequently, the bond is better when using aluminum instead of titanium powder. Aluminum is 

much more ductile than titanium and has a lower yield strength, which is why it is easier to compress [18]. 
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The admixture of titanium and aluminum powder also leads to an increase in tensile splitting strength as the 

proportion of TNM decreases. Its maximum value at 600 MPa pressing load is 5.7±0.9 MPa, which 

corresponds to the approx. value of the samples made of 100% aluminum powder. The addition of titanium 

should have reduced the resulting strength towards aluminum, analogous to the corresponding relative 

densities. However, it did not; the tensile splitting strength has further increased to a value similar to that of 

100% aluminum. A possible cause could be the uneven application of lubricant. At lower pressing load, the 

tensile splitting strength is also significantly lower just like the corresponding relative density.  

Although the tensile strength of the respective solid TNM material is significantly higher than that of titanium 

and aluminum, the tensile splitting strength of the powder compact increases progressively as the proportion 

of TNM decreases. However, the final mechanical properties are a result of subsequent heat treatment or the 

subsequent sintering process [7]. 

 

Figure 3 Tensile splitting strength as a function of different proportions of elemental titanium or aluminum 

powder (left), titanium and aluminum powder (right) 

4. CONCLUSION AND OUTLOOK 

Within the scope of the investigations, the influence of the admixture of different volume proportions of the 

main alloying elements of TNM, titanium and aluminum, in the form of elemental powders on the compaction 

of TNM powder during die pressing was examined. It was found that a reduction of the TNM powder proportion 

leads to increases in the relative density and tensile splitting strength. Consequently, as the proportion of 

elemental powders increases, the compressibility of the admixture increases as well. This can be attributed to 

the fact that the comparatively ductile powders aluminum and titanium are generally easier to press than the 

brittle TNM powder. Since aluminum is more ductile than titanium, the relative density and tensile splitting 

strength increase more rapidly with increasing proportions of aluminum powder than with increasing 

proportions of titanium powder. The admixture of both titanium and aluminum powders is less effective. In 

addition, the powder consolidation improves when the pressing load is increased. In order to obtain a higher 

density one possibility is to further increase the pressing load, change the particle size, to use a different 

particle geometry as well as a different lubricant. However, comparatively large proportions of elemental 

powder are necessary to produce a compact at all. At a pressing load of 300 MPa, no compact can be 

produced by adding only titanium powder, while 60% is required when aluminum powder was added. At a 

pressing load of 600 MPa, at least 70% titanium and 50% aluminum powder are required for successful part 

production. After obtaining a compact, the subsequent sintering process can take place. Usually, the final 
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properties are adjusted there, which will be part of future investigations. The influence of the admixture of 

different proportions of the alloy powders on the microstructure and consequently the mechanical properties 

under different sintering parameters shall be characterized. 
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Abstract  

The Mn2FeSi inverse-Heusler alloy was prepared by solid-state reactions using ball milling for 168 h in n-

hexane. Two milling procedures varying in the ball-to-powder ratio, namely 4:1 and 10:1, were used to follow 

their influence on alloy formation and its physical properties. In both cases no Heusler structure was obtained 

directly and therefore the subsequent annealing at 1223 K for 1.5 h in pure Ar was applied. The energy-

dispersive X-ray analysis resulted in the chemical composition about 49.0-49.9 at% Mn, 25.3-25.6 at% Fe, and 

24.8-25.4 at% Si, in a good agreement with nominal one. X-ray diffraction of both powders confirmed inverse-

Heusler XA structure of lattice parameters 0.5675 nm (4:1) and 0.5677 nm (10:1), only slightly higher as 

theoretically obtained 0.560 nm. The presence of minor oxidation phases was also observed in the particle 

structure of powders. Magnetic properties were analysed at low and room temperatures. Both alloys exhibit 

paramagnetic behaviour at room temperature confirmed by transmission Mössbauer spectroscopy 

measurements. Different magnetic behaviour of alloys is observed below 65 K. 

Keywords: Heusler alloy, powder, ball milling, microstructure, magnetism 

1. INTRODUCTION 

Heusler alloys represent special class of tunable materials with more than 4000 potential members and offer 

a wide range of applications [1]. Currently, many papers are devoted to theoretical calculations of existing 

and/or newly proposed compositions of Heusler alloys with possible applications mainly in microelectronics 

and spintronics [2,3]. Similarly, various laboratories over the world try to prepare such Heusler compositions 

experimentally and to study their structural and physical properties [3]. Among them, the Heusler Mn2FeSi 

compound was also subjected to theoretical DFT-based calculations [4] and subsequently synthesized by 

several procedures either in a form of ingots or thin films [5,6]. However, the unified view concerning its physical 

properties in connection with microstructure and mainly magnetic ordering is still vague. Moreover, 

experimental results at low temperatures show different magnetic behaviour than predicted by theoretical 

calculations and are strongly dependent on the production technology.  

Present work continues previous study of the Mn2FeSi alloy prepared by mechanical alloying resulting in the 

inhomogeneous para- and ferro-/ferrimagnetic phase composition at room temperature [7]. Here, the same 

ball milling technology is used with two different ball-to-powder ratios (BPR), namely 4:1 and 10:1. Both solid-

state synthesized Mn2FeSi compounds are subsequently annealed (Ar atmosphere, 1223 K / 1.5 h) and 

subjected to detail structural and magnetic investigations.         
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2. EXPERIMENTAL 

The Heusler Mn2FeSi alloys were prepared using the mixture of powdered pure elements - manganese ( 99.3 

wt%), iron ( 99.5 wt%), and silicon ( 99.9985 wt%). This mixture was divided into two parts and placed in 

two stainless-steel water-cooled milling bowls together with stainless-steel balls of 5 mm in diameter and n-

hexane serving as a solvent. The ball-to-powder ratio was adjusted to 4:1 in the first bowl and to 10:1 in the 

second one. The milling in both cases was done by a high-energy ball mill E-max, Retsch (GmbH) at 500 rpm 

for 168 h of milling. After this time, small amounts of powders were checked and because no pure elements 

were detected the milling procedure was stopped. Nevertheless, the X-ray diffractograms did not show patterns 

corresponding to Heusler structure of Mn2FeSi alloy. Therefore, the next step of the previously established 

heat treatment at 1223 K/1.5 h in the atmosphere of pure Ar was applied using a sintering furnace, Xerion 

Advanced Heating, Ofentechnik (GmbH) for both samples.  

The microstructure and chemical composition of the alloy powders were analysed by the scanning electron 

microscope (SEM) QUANTA 450 FEG (FEI Company) used in the backscattered electron (BSE) mode 

completed by an energy-dispersive X-ray (EDX) analyser APOLLO X. The crystal structure and phase 

composition were studied using the powder X-ray diffractometer AXS D8 Advance (Bruker) equipped with 

CuK (0.1540598 nm) radiation. Room-temperature (RT) diffractograms were measured in 2 range 20° - 95° 

with the step 0.014° and time per step 2 s. Rietveld structure refinement method using ICDD PDF-2 database 

was used for the phase analysis and determination of the lattice parameters.  

A standard Mössbauer spectrometer operating in the constant acceleration mode and transmission geometry 

was used to collect the data along with a 57Co (Rh) source at RT. Calibration of the velocity scale was done 

with α-Fe thin foil and the isomer shifts are given with respect to its Mössbauer spectrum. The program CONFIT 

[8] was used to analyse the experimental points by the double- and single-line components yielding values of 

isomer shift (δ), quadrupole splitting (Δ), and their relative representations (A). 

Magnetic properties were measured at low and room temperatures by the vibrating sample magnetometer 

(VSM, Microsense, model EZ 9) and the physical property measurement system (PPMS, Quantum Design, 

model P935A). VSM was used for measurements of RT magnetization curves with maximal magnetic field of 

1600 kA/m. PPMS was applied to obtain the field-cooled (FC) and zero-field-cooled (ZFC) curves measured 

in the temperature range 2-300 K at a magnetic field of 80 kA/m.  

3. RESULTS AND DISCUSSION 

3.1. Phase and chemical analysis 

The SEM images of the Mn2FeSi samples are shown in Figures 1a and 1b for BPR = 4:1 and 10:1, 

respectively. They consist of very small mostly rounded particles in size below 2 µm and by the larger particle 

agglomerates (> 100 µm). It is supported by the particle size distributions in Figure 1c which documents that 

a use of a higher amount of balls during milling results in a formation of the finer powder. The mean value 16.9 

µm was obtained for the sample prepared by BPR 4:1 and 3.8 µm for the sample prepared by BPR 10:1. The 

chemical element compositions of both samples were determined using EDX on the cross-sections prepared 

by metallographic cutting of largest particles. The analysis resulted in a relatively high amount of oxygen in 

both samples as it is documented in Table 1 and by corresponding element maps for BPR = 4:1 and BPR = 

10:1. The element maps show a uniform homogeneous distribution of Mn, Si, Fe and O elements and the 

chemical compositions obtained by oxygen elimination at both samples agreed well with nominal one.  
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Figure 1 Scanning electron microscopy (SEM) images of the Mn2FeSi alloy powders milled for 168 h at ball-

to-powder ratio (a) 4:1 and (b) 10:1 with distribution maps of Mn, Si, Fe and O elements. (c) Particle size 

distributions with bimodal character 

Table 1 Chemical composition including oxygen and after oxygen elimination of the annealed Mn2FeSi   

powders at ball-to-powder ratios (BPR) 4:1 and 10:1. Values were obtained as the average of three 

measured spectra 

BPR Mean values (at%) 

Mn Fe Si O  Mn Fe Si 

4:1 39.5 20.1 19.2 21.2  49.9 25.3 24.8 

10:1 39.4 20.9 19.9 19.8  48.8 25.9 25.3 

   

The X-ray diffraction patterns of Mn2FeSi samples for BPR = 4:1 and 10:1 are shown in Figure 2. The Rietveld 

analysis of both diffractograms evidences the cubic Heusler phase with the lattice parameters 0.5675 nm (4:1) 

and 0.5677 nm (10:1) practically identical and well agreed with the theoretical value 0.560 nm [4]. In both 

cases the inverse-Heusler XA structure is confirmed by the higher relative intensity of the (111) diffraction peak 

compared to (200) peak well seen in the inset of Figure 2. The several small peaks at both diffractograms 

reflect a presence of the minor not specified impurity phase(s) formed during preparation procedure and/or 

manipulation with powdered samples. Based on the chemical analysis, resulted in relatively high content of 

oxygen in both samples, these peaks could be speculatively ascribed to (Mn, Fe, Si)-oxides formed mainly at 

defects rising during mechanical alloying and not fully annealed out in the subsequent treatment. The similar 

peaks were also detected by XRD measurement of the Mn2FeSi ingot-type samples in Ref. [9]. The presence 

of oxides is partially also confirmed by Mössbauer results presented below.     
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Figure 2 X-ray diffraction patterns of the Mn2FeSi samples milled for 168 h at ball-to-powder ratios 4:1 and 

10:1 and annealed at 1223 K/1.5 h. The inset shows (111) and (200) diffraction peaks. 

3.2. Magnetic and Mössbauer properties 

The Mössbauer spectra of the mechanically alloyed powdered Mn2FeSi samples in Figures 3a and 3b reflect 

a paramagnetic origin at room temperature. They were analysed using a single-line (S) corresponding to the 

Mn2FeSi phase and several two-line (D) subcomponents that can be speculatively ascribed to a non-

stoichiometric (Fe,Mn)-oxides and/or to chemical disorder at grain boundaries. All subcomponents were 

analysed using the same line width of 0.246 mm/s obtained from the calibration spectrum. The hyperfine 

parameters of all sub spectra are summarized in Table 2. A ratio of S/ΣD is better on behalf of the sample 

obtained for BPR = 4:1 with slightly higher content of Mn. Paramagnetic nature of both alloy powders is fully 

confirmed by RT magnetization curves (Figure 3c) that are not saturated and show linear dependence of mass 

magnetization on an applied external magnetic field. Samples slightly differ in derived mass susceptibilities 

being 3.610-7 m3/kg (BPR = 4:1) and 4.510-7 m3/kg (BPR = 10:1), respectively.  

 

Figure 3 (a,b) Room temperature Mössbauer spectra of the annealed Mn2FeSi powders at ball-to-powder 

ratios 4:1 and 10:1. (c) Corresponding room temperature magnetization curves 
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Table 2 Hyperfine parameters, isomer shift, , quadrupole splitting, , and relative intensity, A, of prepared 

Mn2FeSi alloy powders 

BPR component 
       

       (mm/s) 

 

  (mm/s) 

   A 

   (%) 

4:1 

S 0.155(1)  33.8(9) 

D1 0.123(2) 0.304(9) 38.9(10) 

D2 0.118(3) 0.587(9) 25.0(11) 

D3 0.249(26) 1.713(51) 2.2(3) 

10:1 

S 0.155(1)  26.0(6) 

D1 0.132(1) 0.313(6) 38.2(6) 

D2 0.134(2) 0.642(6) 29.3(6) 

D3 0.094(10) 1.095(21) 5.3(4) 

D4 0.185(38) 2.355(76) 1.2(3) 

     

The low-temperature magnetic measurements are presented in Figure 4. The FC-ZFC curves and 

magnetization curves of both samples confirm the paramagnetic behavior from RT to about 160 K. The 

separation of the FC-ZFC curves is observed at a temperature of 150 K, which corresponds to the inflection 

point of both curves. By cooling both samples below this temperature, a structural transformation takes place, 

manifested by the formation of a new ferro-/ferrimagnetic phase. This is also evident from the measured 

magnetization curves (not presented), which in addition to the paramagnetic contribution show a typical 

magnetization reversal at small magnetic fields. Another significant point is the peak around 65 K, at which 

both curves differ in the values of mass magnetization. A markedly higher is a value at the sample with BPR 

= 10:1 being about 10 Am2kg-1 compared to 3 Am2kg-1 at the sample with BPR = 4:1. Below this temperature, 

mainly the ZFC curves yield fully different behaviour. A reason is unknown and the new low-temperature 

presently running magnetic and Mössbauer measurements below 65 K should contribute to the explanation.   

 

Figure 4 Field-cooled (FC, full lines) and zero-field-cooled (ZFC, dashed lines) curves of Mn2FeSi alloy 

powders measured at magnetic field of 80 kA/m  

4. CONCLUSION 

The paper is devoted to the microstructural and magnetic properties of the Mn2FeSi alloys prepared using the 

mechanical alloying. Formation of the cubic inverse-Heusler phase was achieved by ball milling of the raw 
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materials (Mn, Fe, Si) for 168 h at different ball-to-powder ratios (BPR = 4:1 and 10:1) and additional annealing 

of the samples at 1223 K for 1.5 h in the protective atmosphere of Ar. The main experimental results obtained 

on both samples can be summarized as follows: 

1) Both powders were formed by the very small particles about (1-2) µm and by particle agglomerates 

reaching the size up to 100 µm at BPR = 4:1 as documented by SEM. Mean particle size is 16.9 µm for 

BPR = 4:1 and 3.8 µm for BPR = 10:1. 

2) The chemical compositions have shown relatively large amount of oxygen in both samples but the 

compositions after oxygen elimination agreed well with the nominal Mn50Fe25Si25.  

3) Both samples were paramagnetic at room temperature as the linear dependences of mass 

magnetization on applied external magnetic field and Mössbauer spectra measurements confirmed.  

4) The zero-field-cooled (ZFC) and field-cooled (FC) measurements below 300 K resulted in no substantial 

differences up to the temperature of 65 K at which a sharp maximum was observed. Below this 

temperature, different behaviour of mainly ZFC curves has provoked new magnetic and Mössbauer 

measurements that should contribute to its explanation.    
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Abstract 

With the electrification of the road vehicles in recent years, the development of electric motors strives towards 

smaller and more efficient designs. In order to push forward the current limits of the electric and magnetic 

properties, e.g. magnetic saturation of the ferromagnetic parts in the motor, novel materials must be developed. 

In this paper, the comparison of different materials, i.e. C45 steel, FeSi and FeCo alloys, which are used in the 

rotor magnetic structure of an electrically excited synchronous motor, is presented. Regarding the electic and 

magnetic properties, each of the materials is a representative of its own material family. The materials were 

evaluated by measuring their electrical conductivity and static B-H curve. It is shown by the 2D finite elemet 

method analysis that the materials with elevated magnetic properties allow improvements in the electric motor 

design, leading to the enhanced performance, which is reflected in lower energy consumption (higher 

efficiency) and/or lower mass (higher compactness).  

Keywords: Iron-cobalt alloys, FeCo, electromagnetic properties, performance, electric motor 

1. INTRODUCTION 

In comparison to standard silicon steels (FeSi), which are commonly used for building the magnetic cores in 

the electric motor manufacutring, iron-cobalt (FeCo) alloys offer significant performance improvement due to 

lower magnetic field strength H, needed to magnetize the material, and higher saturation flux density Bsat 

values, which is reflected in more compact geometry, higher energy efficiency and mechanical power [1-5]. 

Magnetic cores are normally constructed of laser-cut or stamped laminations in order to reduce the core losses, 

originating from the time-varying magnetic field. FeCo alloys have been used as laminated cores in the high 

performance permanent magnet electric motors, e.g. Formula SAE [6,7], where the increase of the efficiency 

and torque within the same motor dimensions has been demonstrated. 

On the other hand, using a non-laminated magnetic core would be possible only when the magnetic field is 

constant, e.g. in the rotor of an electrically excited synchronous motor (EESM) [8, 9]. Apart from the magnetic 

core, such rotor contains also an excitation winding as the other active part, which is supplied with direct current 

(DC) that excites constant magnetic field. Rotor pole shoes (Figure 2), located at the air gap, must be from 

laminated material to avoid parasitic losses due to stator slotting and higher harmonic components in the 

air-gap magnetic field. 

The focus of this paper is to analyze the influence of FeSi and FeCo ferromagnetic material properties on the 

EESM performance, particularly the losses and efficiency for overload and nominal operation. The 

performance improvement has been demonstrated via 2D transient finite element method simulations for 

overload and nominal operation. Thus, the potential of the die-cast (massive) FeCo material usage in EESM 

design has been presented. 
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2. MATERIAL PROPERTIES 

Batches of 10 kg alloys were melted in a vacuum induction melting furnace with an Al2O3 crucible. The Fe-Co-V 

and Fe-Si-Al were melted and vacuumed for 20 minutes under 5 Pa. Pure elements electrolytic Al, Co, Fe, Si 

and V were used to produce the desired alloys. The alloys were cast into a two part mould to produce a 400 

mm long rectangular ingot with 60 mm x 60 mm cross section. The as-cast samples were cut and the rest of 

the ingot was hot rolled at 1100 °C to 20 mm thickness.  

Apart from the aforementioned FeSi, i.e. standard material with up to 3 % of silicon for reducing the electrical 

conductivity and consequently the eddy current losses, and FeCo - die-cast advanced magnetic material with 

equal share of Fe and Co, the C45 steel, which is commonly used material for electric motor shaft, was also 

analyzed in this study. All material samples were round rods with 10 mm in diameter and 100 mm in length 

(Figure 1b). Each sample was die-cast, cut and machined to these dimensions. Magnetic properties were 

measured by the MagnetPhysik Remagraph [10], which measures static magnetic B-H hysteresis loop 

(Figure 1a). The essential electric and magnetic material data are gathered in Table 1, where they are 

compared with the reference materials [11,12]. FeCo shows superior magnetic properties compared to FeSi 

and C45, i.e. lower magnetic field strength for magnetization and higher saturation magnetic flux density, which 

can be graphically seen also in Figure 1a. 

  

Figure 1 a) Measured static B-H hysteresis curves of the analyzed materials; b) material samples 

Table 1 Electric and magnetic properties of the analyzed materials 

Material  
Electrical conducivity 
at room temperature 

(MS/m) 

Magnetic field strength 
at B = 1.6 T 

(A/m) 

Saturation level  
at H = 4000 A/m 

(T) 

M270-35A [11] 1.92 3,880 1.61 

VACUFLUX 50 [12] 2.38 < 300 2.26 

FeSi 2.36 2,000 1.72 

FeCo 2.44 642 2.17 

C45 4.44 4,000 1.60 

Another important aspect in the electromagnetic energy conversion are the specific losses of the material. 

They consist of hysteresis and eddy current losses (1). The former depend on the material properties, reflected 

in the surface area of B-H hysteresis (Figure 1a), and frequency (2), while the latter depend on electrical 
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conductivity, thickness, magnetic flux density and frequency (3). Assuming that the materials are rolled into 

sheets with the thickness of 0.35 mm, the calculated values for FeSi and FeCo specific losses are given in 

Table 2, where they are compared with the values of the reference materials, i.e. FeSi is compared with 

M270-35A [11] and FeCo with VACUFLUX 50 [12]. 

echys ppp +=                (1) 

fAp BHhys =                (2) 

22

22

6
= fB

πdσ
pec               (3) 

where: 

ABH - surface area of B-H hysteresis (J/kg) 

σ - electrical conductivity (S/m) 

d - lamination thickness (m) 

B - magnetic flux density (T) 

f - electrical frequency (Hz) 

Table 2 Calculated specific losses (W/kg) at different frequencies at 1.5 T and 400 Hz 

Material  
Hysteresis losses 

(W/kg) 
Eddy current losses 

(W/kg) 
Total losses 

(W/kg) 

M270-35A [11]   41.8 

FeSi 8.6 21.9 30.5 

VACUFLUX 50 [12]   31.0 

FeCo 54.8 21.7 76.5 

As it can be seen in Table 2, the hysteresis losses of the produced FeCo alloy are much higher than the FeSi, 

leading to higher total losses, which can be observed also in the surface area of the hysteresis loops in 

Figure 1a. In order to produce technically more competitive alloy, which could be used also as lamination 

sheets for the electric motor parts, where the time-varying (AC) magnetic fields are present, e.g. stator core, 

the area of the hysteresis loop must be significantly reduced. 

3. ELECTRIC MOTOR PERFORMANCE 

The influence of the material electromagnetic properties on the electric motor performance was analyzed on 

the benchmark electric motor geometry of the Renault Zoe electric vehicle. It is an AC synchronous electric 

motor with electrically excited rotor (Figure 2), meaning that its structure is conceptually identical to the 

low-speed synchronous generators in power plants. The DC current in the rotor winding magnetizes the motor 

with the magnetic field, which in interaction with stator AC winding produces torque and mechanical power.  

All magnetic parts of the electric motor must be laminated, apart from the main part of the rotor magnetic 

structure, which may be die-cast due to the DC rotor magnetic field. This simplifies the production of the rotor 

core and offers opportunities for performance improvement by using advanced ferromagnetic materials, e.g. 

FeCo alloys. Namely, these alloys have higher values of magnetic saturation and consequently the cross 

section of the rotor magnetic core can be reduced for the same amount of magnetic flux to be transferred 

through it. Narrower rotor magnetic core increases the area, available for the rotor excitation winding, leading 

to lower losses in it. This is then reflected into increased energy efficiency of the electric motor and easier heat 

removal from the rotor.  
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The calculations were performed in Altair Flux 2D software, with the imposed rotor speed and current fed stator 

winding. The stator and rotor winding resistance values, used in the simulation, were obtained by the 

measurements on the benchmark motor. 

  

Figure 2 a) benchmark electric motor geometry (2D electromagnetic model), b) rotor magnetic design 

(3D model) 

Two operating points of the benchmark motor are of interest. The first one is the maximum mechanical power 

of 80 kW delivered to the shaft, i.e. at 225 Nm and 3400 min-1 of shaft torque and rotor speed, respecitvely, 

with the supplying electrical frequency of 113.3 Hz. The second one is the continous mechanical power of 

20 kW (56 Nm, 3400 min-1). Energy efficiency in both operating points is calculated by using (4). The caluclated 

values for different rotor core materials are given in Tables 3 and 4 for maximum (80 kW) and continuous 

power (20 kW), respectively. 

lossmech

mech

PP

P
η

+
=               (4) 

where: 

η - energy efficiency (-) 

Pmech  - mechanical power (W) 

Ploss  - total losses (W) 

Table 3 Electromagnetic efficiency at maximum power 80 kW 

Rotor core material Stator losses Rotor losses Energy efficiency 

FeSi Pstator = 14.534 kW Protor = 3.194 kW 81.9 % 

FeCo Pstator = 12.859 kW Protor = 3.194 kW 83.3 % 

Table 4 Electromagnetic efficiency at continuous power 20 kW 

Rotor core material Stator losses Rotor losses Energy efficiency 

FeSi Pstator = 1.323 kW Protor = 422 W 92.0 % 

FeCo Pstator = 1,063 kW Protor = 423 W 93.1 % 

4. CONCLUSION 

The analysis, presented in the paper, showed a significant performance improvement of an electrically excited 

synchronous motor in terms of energy efficiency, when the iron-cobalt alloy is used in the rotor magnetic 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

655 

structure. Smaller magnetic field strength is needed for the magnetization of the motor, leading to the smaller 

magnetization current and consequently smaller rotor losses. The energy efficiency could be further improved 

by narrowing the rotor poles due to higher values of saturation magnetic flux density of iron-cobalt alloy, leaving 

more room for the rotor excitation winding. Consequently, the cross section area of the excitation winding is 

increased, thus further reducing the Joule losses for the same level of overall motor magnetization. 
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Abstract  

This article deals with the issue of the ballistic resistance of composite panels, which were made of para-

aramid fiber. For the shooting tests was used Twaron CT 747 with epoxy matrix LG 700. This material is used 

for soft and hard ballistic protection. The composite panels were impacted by the missile 5.56 x 45 mm NATO 

FMJ M139 and by the missile 5.56 x 45 mm NATO FMJ SS109. To provide the required ballistic resistance in 

accordance with the US STANDARD NIJ 0101.06, the composite panels were impacted by the missile 7.62 x 

51 mm NATO FMJ M80. The ballistic resistance of composite panels was verified through shooting tests in 

the experimental ballistics laboratory. Based on the ballistic tests, we monitored the extent of the damage, the 

spread of cracks and delamination of layers, which allowed the evaluation of the damage of these panels. The 

result of the shooting tests was the determination of limit thicknesses, in which the panels will not be 

penetrated. These results provide essential aspects for the development of new composite armor. 

Keywords: Composite materials, Twaron, ballistic resistance, ballistic fabric, penetration 

1. INTRODUCTION 

Each army is equipped with ballistic equipments, which protect individuals and military equipment against the 

destructive effects of ammunition [1]. These ballistic equipments represent an artificial barrier that protects the 

target against the destructive effects of missiles, shrapnels and cold weapons. They are divided into soft 

ballistic devices worn on the human body (protective vest) and hard ballistic devices not worn on the human 

body (ballistic resistance panel) [1-3]. 

With regard to the development of firearms and ammunition, the demands on the ballistic resistance of these 

equipments against ballistic threats are increasing. In many cases the level of ballistic resistance is dependent 

on the weight of ballistic protection, which in turn affects the mobility of the subject on the battlefield [2-5].  

There are a number of ballistic materials used for armoring military equipment. Metal materials such as steels, 

aluminium alloys, titanium alloys and non-metallic materials based on ceramics and ballistic resistant textiles 

and their combinations are most commonly used for ballistic protection [2,4,6,7]. The efficiency of ballistic 

materials depends on the method of processing materials, the structure and its properties [5,6]. The steels 

used for ballistic protection are characterised by a number of advantages. These advantages include the 

mechanical properties of steel and a wide range of thermal and chemical-thermal treatment. The effectiveness 

of steel armor depends primarily on strength, hardness, toughness and other characteristics that are given by 

alloying elements. For steel materials, their toughness decreases with increasing hardness. The main 

disadvantage of steels is their specific weight, which reduces the level of mobility of military equipment [6,8].  

The current trend to reduce the specific weight, to increase ballistic resistance and mobility of military 

equipments is to use the composite multilayer armor. These armors are usually composed of two or more 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

657 

different materials with specific characteristics. The benefit of material is to reach disruptive new unique 

product with specific ballistic properties, which is characterised by better characteristics than the original initial 

material [2,9,10,11]. This combination of steel plates (Hardox®, Armox®, etc.), ballistic ceramics, panels of 

polyethylene with ultra-high molecular weight (Endumax®, Dyneema®, etc.) and panels made of solid fabrics. 

The most widely used solid fabrics for the manufacture of soft ballistic protections for the individuals are para-

aramids with the trade name Kevlar® and Twaron®. It is aromatic polyamides with high strength. These 

materials are used for ballistic protection as woven material, which are characterized by high tensile strength, 

low density and high temperature resistance. They are also characterized by high resistance to chemicals, in 

addition to strong acids and bases. The use of solid fabrics offers a wide application not only for military 

purposes in the ballistic protection of an individual or a military equipment, but also for the manufacture of 

protective workwear resistant to fire, stabbing or cutting [1,2,11]. 

Testing of ballistic resistance of composite multilayer armor combined with ballistic ceramics, solid fabrics and 

fibers of UHMWPE material will be the subject of further development of composite ballistic protection resistant 

for missiles in military caliber 7.62 x 51 mm NATO.  

The ballistic resistance of the composite panel of different thicknesses was studied in this article. The aim of 

the shooting experiment was to find the limit thickness of the composite panel resp. the number of layers in 

which this panel does not penetrate. A composite panel of Twaron CT 747 material was used in the 

experimental part. The ballistic resistance was shot by the missile 5.56 mm FMJ M139 and by the missile 5.56 

mm FMJ SS109. The panel was also shot by the missile 7.62 mm FMJ M80 according to the American 

standard US STANDARD NIJ 0101.06. 

2. MATERIALS AND METHODS 

The examined material was Twaron CT 747. The material specifications of Twaron CT 747, which are specified 

by the manufacturer, are given in Table 1.  

Table 1 Specification of the material Twaron CT 747 

Material 
Thickness 

(mm) 
Area density 

(g/m2) 
Tensile strength module 

(GPa) 
Composite density 

(kg/m3) 

Twaron CT 747 0.62 410 115 1450 

2.1. Manufacture of panel from material Twaron CT 747 

For the shooting experiment were made composite panels of Twaron CT 747 with different thicknesses and 

defined parameters, Table 2.  

Table 2 Parameters of the composite panel Twaron CT 747 with matrix LG 700 

Composite panel 
Dimension 

(mm) 
Number of layers 

Thickness 
(mm) 

Weight 
(kg) 

Twaron CT 747 with 
matrix LG 700 

300 x 300 

60 32.4 3.80 

30 15.5 1.80 

20 10.6 1.15 

20 10.1 1.10 

10 5.5 0.65 

The ballistically resistant Twaron CT 747 material was cut to the required size. Composite panels were 

produced by using the vacuum infusion, which is well described in the sources [12,13]. The preparation of the 
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material for vacuum infusion and their subsequent vacuuming is shown in Figures 1 and 2. The matrix was 

used for the production of the composite panel. The matrix was consisted of the epoxy resin LG 700 and the 

hardener HG 700. The epoxy resin was mixed with hardener in a weight ratio of 100:30. All panels were cured 

at room temperature 22 °C for 24 hours. After curing and removal, the composite panels were cut with using 

abrasive machining waterjet to reach the final dimension of 300 x 300 mm. Five composite panels of 60, 30, 

20, 20 and 10 layers were produced by vacuum infusion. The panel thickness with a total of 140 layers was 

74.1 mm and its weight was 8.5 kg, see Table 2. The manufacturing process was repeated for all composite 

panels.  

 

Figure 1 Preparation materials 

Twaron CT 747 for vacuum 

 

Figure 2 Vacuum infusion process 

2.2. Shooting experiment 

To verify the ballistic resistance of composite panels was established a shooting experiment in accordance 

with the NATO military standard AEP-55 STANAG 4569 - Protection Levels for Occupants of Logistic and Light 

Armoured Vehicles [14]. This experiment was performed in the experimental ballistic laboratory at a reduced 

distance of 25 m. 

To perform the shooting experiment was used the shooting station, which was consisted of the mobile shooting 

stool (STZA 12M1) with the universal breech (Prototypa-ZM, UZ-2002) and the exchangeable ballistic barrel 

(Prototypa-ZM, type: 5.56x45 mm NATO EPVAT and 7.62x51 mm NATO EPVAT). Ballistic radar (Prototypa-

ZM, DRS-01) and optoelectronic gates (Kistler, 2521A) were used to measure the velocity of the missile on 

the flight path. For recording the effects on the target during the shooting experiment was used the high-speed 

camera (Photron, SA-Z) with reflectors for illuminating the scanned scene and for evaluating the effect was 

used recording devices. The technical equipments for the shooting experiment are shown in Figure 3. 

 

a) 

 

b) 

 

c) d) 

Figure 3 Technical equipments a) shooting stool with breech and barrel b) optoelectronic gates c) 
optoelectronic target d) high-speed camera 

The arrangement of the technical equipments for the shooting experiment are shown in Figure 4. For the 

shooting tests the composite panel (sample) was fixed in the double frame. 
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Figure 4 The arrangement of the technical equipments 

For testing ballistic resistance of the composite panel was used rifle cartridges, which are shown in Table 3. 

These rifle cartridges were chosen based on NATO military standard AEP-55 STANAG 4569 for ballistic 

protection level 1 [14]. 

Table 3 Rifle cartridges according to NATO AEP-55 STANAG 4569, ballistic protection level 1 

Cartridge type Missile type 
Missile weight 

(g) 
Serial number Manufacturer 

Vproof* 
(m/s) 

5.56 x 45 mm 
NATO 

FMJ M193 3.55 138 FNB 07 FNH 937 

5.56 x 45 mm 
NATO 

FMJ SS109 4.00 25 SB 15 S&B 900 

7.62 x 51 mm 
NATO 

FMJ M80 9.55 1/82 S&B 833 

* the impact velocity of the missile required by the standard, accepted range of individual velocity ± 20 m/s 

3. RESULTS AND DISCUSSIONS 

The following chapter is devoted to the results of the shooting tests. In terms of ballistic resistance verification, 

the panel was shot by the missile 5.56 mm M193 and SS109. To ensure the ballistic resistance according to 

the US STANDARD NIJ 0101.06, Level III, the composite panel was shot by the missile 7.62 mm FMJ M80.  

3.1. Twaron CT 747 with matrix LG 700 

The tested sample was the composite panel made of Twaron CT 747 with matrix LG 700. The thickness of 

this panel of 140 layers was 74.1 mm, and its weight was 8.5 kg, see Table 2. According to the NATO military 

standard AEP-55 STANAG 4569, three missiles were shot into the panel in sequence, see Table 3. Figure 5 

shows the position of the shots and it also shows the strike and back face of the composite panel with the 

number of 140 layers. Here it is evident that the total kinetic energy of the missiles was dissipated to 

delamination of the individual layers of the composite panel. There was no penetration of this panel. 

  

Figure 5 Strike and back face of the panel Twaron CT 747 with matrix LG 700, 140 layers 
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Due to the non-breaking of the back layer (Figure 5), the Twaron CT 747 composite panel with matrix LG 700 

was reduced to 90 layers and its thickness and weight also reduced. The purpose of this reduction was to find 

a limiting thickness without penetration of this panel. The thickness after reduction was 47.9 mm and its weight 

was 5.6 kg. To verify the ballistic resistance, two missiles 7.62 mm FMJ M80 were shot into this panel 

(Figure 6). After hitting the missiles on the back side of this panel was formed the plastic deformation, which 

indicates a traumatic effect. According to the US STANDARD NIJ 0101.06, the maximum value of the trauma 

effect is allowed up to 40 mm [15]. This deformation indicates that it is the limit thickness.  

 

Figure 6 Strike and back face of the panel Twaron CT 747 with matrix LG 700, 90 layers 

The results of the shooting experiment are given in Table 4. In Table 4 the impact velocities of the missiles v25 

are recorded by using ballistic radar (Prototypa-ZM, DRS-01), their kinetic energy, when the missiles hit the 

panel EK25 and the output velocities vout are recorded by using a high-speed camera (Photron, SA-Z). 

Table 4 Measured impact and output velocities of rifle missiles 

Sample 
Number of 

layers 
Missile type 

V25 
(m/s) 

Vout 
(m/s) 

EK25 
(J) 

Twaron CT 747 
with matrix LG 

700 

140 

5.56 mm FMJ M193 946.4 0 1567.6 

5.56 mm FMJ SS109 915.5 0 1676.2 

7.62 mm FMJ M80 825.1 0 3250.6 

90 
7.62 mm FMJ M80 829.8 0 3287.8 

7.62 mm FMJ M80 839.1 0 3361.6 

4. CONCLUSION 

In this study was investigated the ballistic resistance of the composite panel from the material Twaron CT 747 

with matrix LG 700. This panel with different thicknesses was shot by the rifle missiles, see Table 3. The aim 

of this study was to determine the limit thickness for ballistic resistance guaranteed by US STANDARD NIJ 

0101.06, level III. From the shooting experiment were obtained the following results: 

The composite panel made of Twaron CT 747 with matrix LG 700 of 140 layers with the thickness 74.1 mm 

was not penetrated by the missile 7.62 mm M80. The deformation on the back side of this panel did not appear, 

so it was not possible to determine its limit thickness. The weight of this panel was 8.5 kg. The panel was 

reduced to 90 layers to determine the limit thickness. The thickness of the panel was 47.9 mm and its weight 

was 5.6 kg. After impact of the missile 7.62 mm M80 with an impact velocity of approximately 830 m/s, a plastic 

deformation was formed on the back of this panel, which indicates that this is its limit thickness. The composite 

panel Twaron CT 747 with matrix LG 700 matrix after reduction with the total thickness of 47.9 mm complies 

with ballistic resistance to the American standard US STANDARD NIJ 0101.06, level III. 

This knowledge gained from the experimental part will be used for further development of armor in the military 

industry with regard to ballistic protection. To increase the ballistic resistence we will focus in the publication 
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of further articles on multilayer composite armor, which will be composed of para-aramid fabric, ultra-high 

molecular weight polyethylene (UHMWPE) and a ceramic plate. 
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Abstract 

This article presents the history of tin metallurgy in Rwanda, its current state, and future development prospects 

on the example of the Luna Smelter production plant, located in Kigali. The authors of the article pay special 

attention to the issues of successful restoration of production, which was stopped in 1994, shortly before the 

Tutsi Genocide, the impact on the labor market in Kigali, the creation of new commercial and economic ties, 

as well as the improvement of production lines and the optimization of technological parameters of smelting 

and refining. 

Keywords: Rwanda, tin, metallurgy, smelter 

1. LUNA SMELTER LTD. INTRODUCTION  

Luna Smelter is a leading tin metal producer located in East Africa, Kigali, the capital city of Rwanda. 

Luna is a part of Luma Holding Ltd, a private European Industrial Group focused on the metallurgical, mining, 
and automotive industries. Rwandan partner and shareholder in the project is Ngali Holding - a state-owned 
investment Group. The LuNa Smelter’s mission is to act as an industry change agent and a diversity trend-
setter through ESG-driven investments with a strong focus on traceability, gender equality, and unserved 
communities' development. Own cassiterite exploration assets, with a fully certified laboratory as well as a 
modern smelting facility, make LuNa a scalable project with a vertically integrated organization. 

Luna Smelter's key product is tin metal. The tin market is set to boom due to strong fundamentals and ”tin’s 
bright electric future” - a technology revolution encompassing electrical vehicles, robotics, and the Internet of 
Things. In addition to a favorable market environment, LuNa has a strong value upside related to the potential 
coltan business and the sale of tin drosses and other subproducts achieved during the production process. 
The additional revenue stream is based on the services - laboratory services. The company’s focus on quality 
translates into continuous investment in laboratory equipment, which is then reflected in the steady growth of 
testing capabilities.  Luna Smelter has established a new fully capable laboratory unit, located at the Kigali-
based Smelter, to support the production process. The laboratory has been certified with ISO 17025 
accreditation and has received accreditation from the Rwanda Mining Board.  

The Company is the only tin smelter in Africa conformant with the Responsible Minerals Assurance Process 

(RMAP) under OECD guidance. 

2. THE SMELTER - HISTORICAL OVERVIEW  

Previously known as the Karuruma Tin Smelter, the smelter was built at the beginning of 1982 within the 

“Société des Mines du Rwanda” (“SOMIRWA”) project. SOMIRWA was consolidating critical Rwandan tin 

assets, including Rutongo mines, located 30km from the Smelter. The Smelter was operative, with short 

shutdown periods, almost until April 1994, when the Genocide against the Tutsi started. 
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The Genocide and wars run in the region in the 90ties have impacted Rwanda, Great Lakes Region, and the 

Smelter - equipment has been destroyed and Smelter was completely unoperational. The privatization program 

implemented in 2002 was aiming at finding investors for the mining and metallurgy sector in Rwanda. The 

Smelter was acquired by NMC Metallurgie, and later change the name to Phoenix Metal. Some renovation 

and equipment installation was implemented, but due to unstable energy supply, and problems with raw 

materials sources, the production was run continuously.   

In 2006, the company tested a new process based on an exothermic process. Although the tests were 

successful, the second increase in the price of electricity in December 2005 and the lack of raw materials have 

caused the stop of smelting activities. In 2017, the company entered receivership and was bought by the 

Rwandan government for 1.2 billion RWF [1]. 

3. PRESENT LUNA SMELTER  

In the first half of 2018, after having won the tender organized by the I&M Bank, Luma Holding and Ngali 

Holdings took over the Smelter in the first half of the year. Investors had a chance to conduct detailed a due 

diligence process on the facility and prepare an investment program, based on the full production at one electric 

arc furnace (EAF). The companies have registered a JV company in Kigali, Rwanda - Luna Smelter Ltd - 

established to develop the plant and its operations - Figure 1 [2]. 

 

Figure 1 Luna Smelter Ltd, Karuruma, Kigali 

Since the acquisition of the Smelter, a lot of investment in machinery, process improvements, renovations, 

acquisition of highly skilled consultants, various technical training of Luna staff, and certifications, to name a 

few, have earned Luna Smelter a high standard reputation on an international level.  

Luna Smelter has identified the key environmental aspects associated with its production processes. The 

specific nature of tin production is associated with an impact on the environment related to the generation of 

waste, noise emission, dust emission, gas emissions into the atmosphere as well as water pollution. To 

mitigate the said impacts Luna has already put in place measures for each identified aspect. The goals toward 

environmental protection are also elaborated in both Environmental policy as well as Integrated management 

policy. These mentioned policies are communicated to all workers for their engagement. Most importantly Luna 

smelter is certified ISO14001:2015: Environment management system (EMS). The maintenance of the EMS 
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helps Luna Smelter to keep track of the best practices as far as environmental protection is concerned and 

efficient usage of natural resources  

The CO2 emissions calculated generally come from the charcoal used in the smelting process as a reducing 

agent. Other additives like marble chips, limestone, and lime powder are considered in calculations. However, 

they make up a small percentage compared to the contribution of charcoal. Charcoal is considered a 

renewable emission source, hence net greenhouse gases based on charcoal are considered zero emission  

Every year, Luna Smelter conducts the Industrial air emission test. In both reports of the year 2019 and 2020, 

they concluded that all the tested pollutants, on the test list of the standard EAS 751:2010 have a concentration 

less than the standard limit. Resulting in the usage of the best available techniques. The SO2 reported was 

mainly from forklifts, and traffic as the smelter is located near the main road. To reduce the SO2 and fugitive 

emissions, the two new forklifts were bought recently  

The dust emission is monitored, and the level of the particulate matter reported in 2019 and 2020 is due to 

activities in the smelter and the forklift exhaust. Water spray is used during sampling to avoid this.  

A strong focus has been put on energy consumption. The advanced control system was introduced which was 

followed by digitalization. The smelting capacity was improved from six tons of cassiterite concentrate per day 

(6t/day) in 2019, to thirteen tons of cassiterite per day (13t/day) in 2021. This resulted in improved energy 

consumption. Also, the smelter was classified by Rwanda Utilities Regulatory Authority (RURA) as a large 

industry from being a medium industry. The power factor is monitored and is always greater than 0.9 resulting 

in the most efficient loading of the supply, no power loss in the system- quality and stability of the system.  

It needs to be underlined that Luna Smelter is the only tin smelter in Africa conformant with the Responsible 

Minerals Assurance Process (RMAP) under OECD guidance, the flagship program of the Responsible 

Minerals Initiative (RMI). Recognizing the need for the implementation of the new technologies and possibilities 

offered by blockchain solutions Luna Smelter shareholders have been actively seeking the right partner for the 

new supply chain due to diligence tool implementation. After careful analysis of the MineSpider pilot project in 

Peru, the company was chosen as a partner for blockchain solution implementation in the Great Lakes Region. 

In mid-2020 MineSpider AG has been invited by LuNa Smelter to implement offered OreSource tool, jointly 

with LuNa Smelter and Luma Holding Group in Rwanda. Luna Smelter production has been presented on the 

blockchain platform since November 2020. 

A key element that has contributed to Luna Smelter's success is also Luna’s employees. Currently, Luna 

Smelter employs 157 employees, of which 153 are Rwandan citizens. Due to all improvements planned in the 

nearest future, the number of employees will significantly increase. Luna Smelter aims at creating the best 

working environment where each employee feels valued. The Company culture is based on mutual trust and 

true professionalism, respect, and support within the team. 

Luna Smelter Management’s priority was always to integrate gender equality into the natural resource 

management system, starting from the supervisory board level, through the management board, senior 

managers, and through all the employment structures. Over 15 % of Luna’s employees are women, they work 

at all levels starting from mining operations to the management of the Company. 

The Company is an active participant in the International Women in Mining initiatives and supports the 

organization’s global activities related to gender equality. Luna sponsors the participation of its female 

employees in the global mentoring program run by the IWIM organization. 

Luna Smelter is focused on vertical integration and has been granted mining and exploration licenses in the 

Eastern Province, in Gatsibo and Kayonza districts. These concessions are known to be endowed with Sn-Ta 

deposits, tin dominating over tantalum. Moreover, Luna sources cassiterite concentrate from licensed 

Rwandan cassiterite mining and trading companies - the company cooperates with almost 100 Rwandan 

suppliers with full traceability credentials. Luna Smelter also sources cassiterite from South Kivu, the 
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Democratic Republic of Congo, and the Northeastern part of Tanzania. Luna plans to expand the cassiterite 

sourcing from traceable sources in the other parts of the Democratic Republic of Congo (Tanganyika, North 

Kivu, Maniema, and Haut-Uele provinces) and other countries. [3]. 

4. METALLURGICAL R&D  

Luna Smelter’s production is based on the modernized and customized submerged arc furnace. The furnace 

has three graphite electrodes of 300 mm each, carbon lining, and it works with a programmable logic controller 

operating system. The scheme of tin production is shown in Figure 2. 

 

Figure 2 Luna Smelter production process 

Due to the basic production type, the current capacity of the furnace is up to 320 tons of cassiterite concentrate 

per month. The cassiterite which is being purchased has between 55% to 78% Sn content.  

Table 1 Comparison of LME tin requirements [4] and typical production of Luna Smelter  

Composition (wt%) 

Element Requirement Tin LME  Production Luna Smelter 

Sn 99.85 min 99.94 

Al 0.0010 max 0.0005 

As 0.030 max 0.013 

Bi 0.030 max 0.014 

Cd 0.0010 max <0.00003 

Cu 0.050 max 0.0022 

Fe 0.010 max 0.0043 

Pb 0.050 max 0.015 

Sb 0.050 max 0.0081 

Zn 0.0010 max <0.00003 

Total of all impurities 0.150 max 0.06 
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Basic production is divided into two stages. The first stage of the smelt is designed to yield a tin metal product 

with as low an iron content as possible and a primary slag (which, in the process, is granulated with water) 

containing most of the iron present in the original charge mixture and a significant level of tin. The second 

stage smelt (often referred to as the slag smelt) on the molten high tin content slag is conducted under more 

strongly reducing conditions to yield a slag with a minimum quantity of tin (to maximize tin recovery) and as 

high an iron content as possible and a metal alloy of tin and iron. This metal alloy from the second or slag 

smelt stage is referred to as “hardhead”. To remove impurities from crude tin, the plant has three refining 

kettles. After the refining process, produced tin metal ingots meet the requirements of the London Metal 

Exchange (LME) for tin metal, as shown in Table 1. 

Between 2019 and 2021, 1700 tones of concentrate have been processed and converted to more than 1000 

tons of a tin of purity above 99.96% tin content  

Tin concentrates have different impurities and every single one of them is removed differently. It can then be 

said that refining capacity is one of the very important aspects which defines the capacity of smelters.  

In 2021 LuNa Smelter purchased and implemented technology, which is based on the crystallization of 

preliminary refined tin to remove lead and bismuth and achieve High Purity tin- 99.99 % Sn- Spiral Crystallizer 

shown in Figure 3. The molten tin flows to the crystallizer by gravity, with its flow rate regulated by a manual 

handle-regulated valve. The crystallizer has a tilting angle of 8 degrees.   

The crystallizer has a temperature drop from the higher end to the lower end. The feeding point is located in 

the lower end of the crystallizer, between 3 & 4 blades. The lead-tin alloy keeps as a liquid at the lower end 

and the purified tin gets into the crystal, taken by the spiral upward to be discharged at the higher end G1-

>G2->G3->G4. The solder-tin slag will gather at the lower end and then be discharged at the drain hole once 

the plug is released from the outer side.  

The crystallizer has a manually heating zone operating system. The entire device includes 9 heating zones, 4 

adjustable according to the needs of the process, and 5 permanent zones as shown in Figure 3. 

 

Figure 3 Spiral crystallizer 

After the process of refining, pure tin metal is transferred from the refining kettles to the casting kettles and 

then poured into molds through the casting procedure - Figure 4. Another two segregation furnaces are used 
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to recycle the dross from the refining process and recover tin from it. The plant is also equipped with magnetic 

separators and gravity shaking tables for the enrichment of cassiterite concentrate 

 

Figure 4 Tin ingots cast in Luna Smelter, with purity 99.965 wt% of Sn 

Through a recent R&D project - Luna Smelter is implementing the highly efficient processing technique “single-

stage smelt” which does not require recycling and the processing capacity increase to 360 tons per month. 

Luna plans to develop more such process which is more efficient, economic, and eco-friendly. The increase in 

processing capacity would also attract not only the local market but also the regional as well as international 

markets. 

5. LUNA SMELTER'S FURTHER GROWTH 

The ultimate goal of Luna Smelter Ltd. is to create a stable, African tin brand, which will not only answer the 

global tin supply needs but will also significantly impact the economic development and peace-building process 

while strengthening the responsible sourcing of the critical East African minerals, with special focus on the tin.  

Currently, Luna Smelter Ltd. runs its smelting processes with one furnace. There is a second furnace that is 

being overhauled, which is projected to be put into operation once the processing demand exceeds 360 tons 
per month, doubling Luna’s processing capacity to 720 tons per month. Moreover, Luna is projected to become 

a waste-free smelter by finding the use of by-products generated from the production cycle. Slag is the 

byproduct generated from the tin concentrates smelting cycle and Luna produces above 70 tons of such 

byproduct every quarter. Research and tests in both Rwanda and Poland are ongoing, on the usage of slag 

as a construction material, and results are so far optimistic. Road construction buildings, and bridges, are 

among the projected areas for the usage of slag, and Luna is committed to impacting the Rwandan construction 

sector with the slag. 

Through Luna Smelter acting as a trigger of the change, upstream producers will have access to advanced 

solutions, stable offtake, and capacity-building tools, while downstream consumers will have direct access to 

stable and traceable tin metal sources.  Further deploying the blockchain technology for the complete sourcing 

process will enable the direct information on the key components of the tin supply chain to be visible to all 

interested stakeholders.  
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6. CONCLUSIONS 

Tin was known to mankind from the ancient ages, from the historical period characterized by the spread of 

bronze and its products. By the 19th century, Cornwall was the most important center for cassiterite mining 

and tin production. Currently, the largest cassiterite resources are in Bolivia, Congo, and Southeast Asia, 

where tin smelters are also headquartered. The development of tin metallurgy in Rwanda is also closely related 

to the presence of cassiterite deposits in the country. The tin production capacity of Luna Smelter was closely 

related to the availability of raw materials, the political situation, and the market situation. The 1994 genocide 

and the decline in demand for tin, related to its displacement from the food industry through the introduction of 

aluminum foil, the implementation of polymer coating for canned food, and from the mechanical engineering 

industry by replacing babbit bearings with steel bearings, contributed to the reduction in production volume in 

particular. On the other hand, however, the demand for soldering materials and bronzes remains high, and in 

addition, from the beginning of the 21st century, new spheres of tin use appear, for example in the chemical 

industry for catalysis or in the electrotechnical industry for the creation of new generation batteries. The 

widespread use of electronics in various branches of the economy and the increase in industry innovation 

mean that the demand for tin and its alloys will increase, so the prospects for Luna Smelter's operations are 

optimistic, and the plant's development will have a positive impact on the development of Rwanda's economy 

and improving the living conditions of its citizens. 

REFERENCES 

[1] Govt buys Phoenix Metals for Rwf1.2b. Rwanda Today. [online]. 2018. [viewed: 2022-08-31]. Available from: 

https://rwandatoday.africa/rwanda/business/govt-buys-phoenix-metals-for-rwf1-2b-2465668.  

[2] Luna Smelter Ltd. [online]. 2020. [viewed: 2022-08-31]. Available from: https://lunasmelter.com/about/.  

[3] Investing in a smelter in Rwanda. Mining Review Africa. [online]. 2019. [viewed: 2022-08-31]. Available from: 
https://www.miningreview.com/event-news/luma-holding-investing-in-a-rwandan-smelter/.  

[4] Special Contract Rules for Tin. London Metal Exchange. [online]. 2022. [viewed: 2022-08-31].   Available from: 
https://www.lme.com/-/media/Files/Physical-services/Brands/Chemical-composition/Chemical-composition-

Tin.pdf. 

 
  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

669 

MECHANICAL ALLOYING OF CUFE IMMISCIBLE ALLOY USING DIFFERENT MILLING 
CONDITIONS 

1Ondřej ADAM, 1Vít JAN 

1Brno University of Technology, Faculty of Mechanical Engineering, Brno, Czech Republic, EU, 

Ondrej.Adam@vutbr.cz  

https://doi.org/10.37904/metal.2022.4499 

Abstract 

In the last years, immiscible alloys have gained significant attention, mainly due to the use of their immiscible 

nature for the preparation of new advanced multiphase alloys. Most of these alloys are based on the Cu-Fe 

system. The advantages of Cu and Fe elements are their easy availability and low price, good mechanical 

properties, and medium melting temperature. Currently, most bulk Cu-Fe-based immiscible alloys are 

produced by casting. However, this method requires several additional steps to obtain appropriate 

microstructure. An interesting alternative is powder metallurgy, which provides an easy way to produce 

immiscible alloys with very fine heterogeneous microstructure. An essential requirement is to prepare a milled 

powder with a sufficiently small particle size, which consists of a metastable solid solution of all elements. The 

small particle size allows achieving full density during sintering, in which supersaturated solid solution 

decomposes into a fine dual-phase microstructure. 

In this work, two sets of milling conditions (“soft” and “hard”) for the preparation of CuFe powders were tested. 

They differed in the milling speed and the size of milling balls. The milled powders were analyzed after several 

milling times and the evolution of powder particle size, morphology, and microstructure were evaluated. Based 

on the results, optimal milling times were selected for both sets of milling conditions and these parameters 

were verified by the preparation of new CuFe milled powders. Surprisingly, different results were obtained as 

the resulting powder particle sizes were significantly larger.  

Keywords: Immiscible alloys, mechanical alloying, high energy ball milling 

1. INTRODUCTION 

Cu-Fe alloys are one of the most studied immiscible systems. They gained their original interest mainly due to 

their great combination of high electrical conductivity and good mechanical strength [1,2]. Recently, much 

attention has been paid to these alloys since the Cu-Fe system is used as a basis for new advanced multiphase 

alloys that have excellent mechanical properties [3-5]. The advantages of Cu and Fe elements are their easy 

availability and low price, good mechanical properties, and medium melting temperature. At room temperature, 

the microstructure of the Cu-Fe alloys consists of the BCC-Fe phase and FCC-Cu phase, which is the result 

of the positive enthalpy of mixing of these elements [6]. By a suitable selection of alloying elements, it is 

possible to control the microstructure and properties of both phases and thus tailor the mechanical properties 

of the resulting alloy [4,7,8].  

The most common method of producing Cu-Fe and Cu-Fe-based alloys is casting. An interesting alternative 

is powder metallurgy (PM), which consists of mechanical alloying (MA) of elemental powders using high-

energy ball milling and subsequent sintering of the milled powder using Spark Plasma Sintering (SPS). The 

advantage of PM compared to casting is the ability to create finer and more uniform microstructure [9]. 

Moreover, there is no risk of melt separation due to metastable liquid miscibility gap when using PM. The aim 

of MA is to prepare a milled powder with a sufficiently small particle size to allow full density to be achieved 
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during sintering. The microstructure of the milled powder should consist of a metastable supersaturated solid 

solution, which decomposes at elevated temperature into a fine dual-phase microstructure [10,11]. To achieve 

this aim, it is necessary to choose a suitable MA condition.  

In this work, two sets of MA conditions (“soft” and “hard”) for the preparation of CuFe milled powders were 

tested. The conditions varied in milling speed, milling balls size, and milling time scheme. The particle size, 

morphology, and microstructure of milled powders were evaluated depending on the milling time. Based on 

the results, optimal milling times were selected for both sets of MA conditions, and these parameters were 

verified by the preparation of new CuFe milled powders. 

2. MATERIALS AND METHODS 

Commercially pure Cu (purity > 99.7 wt.%, particle size < 45 m) and Fe (purity > 99.5 wt.%, particle size < 10 

m) were used as a starting material. The powder mixture with the equimolar chemical composition of CuFe 

was milled together with hardened bearing stainless steel balls in chromium-molybdenum-vanadium tool steel. 

The ball-to-powder weight ratio (BPR) was chosen to be 10:1. Mechanical alloying was conducted in an argon 

atmosphere in a planetary ball mill Fritsch Pulverisette 6. These parameters were common to both sets of MA 

conditions. The remaining parameters are listed in Table 1. 

For microstructural observation, the powders were prepared by hot mounting in a polymeric resin and grinding 

with SiC papers up to 4000 grit size, followed by polishing with 3 m and 1 m diamond paste. Scanning 

electron microscope (SEM) characterization was performed by ZEISS Ultra Plus. Secondary electrons (SE) 

were used for observing loose particles of milled powders and back-scattered electrons (BSE) were used for 

identifying different phases in the microstructure. Chemical composition was measured by energy-dispersive 

X-ray spectroscopy (EDS, X-max, Oxford Instruments). The presented values of powder particle sizes were 

calculated as an average from at least 20 values. 

Table 1 The remaining parameters of both MA conditions 

MA conditions Milling speed 
(rpm) 

Diameter of balls 
(mm) 

Milling time scheme Milling time (h) 

Soft 240 10 and 15 30 min milling + 30 min pause 5, 15, 30, 50 

Hard 300 17 and 20 5 min milling + 10 min pause 8, 15, 20, 25 

3. RESULTS AND DISSCUSION 

3.1. “Soft” MA conditions 

After 5 hours of milling, the powder particle size was 31.2 m. All particles had a flake shape with a thickness 

in the order of microns. The particle size and shape were relatively the same for the whole milled powder. In 

the microstructure, it was possible to observe that the Cu and Fe powders were mixed. However, the mixing 

was not complete since the lamellar microstructure was observed. This is characteristic of the MA initial stage 

for the ductile-ductile component system [12]. In addition, it was possible to find unmixed original Fe particles 

embedded in the matrix.  

After 15 hours of milling, it was apparent that the powder fragmentation had occurred as the powder particle 

size decreased to 24.8 m. Most of the powder particles had a flake shape, however, several coarser particles 

were also present (Figure 1 (a)). It is not possible to unambiguously determine whether these particles had 

not yet been fragmented or formed because of the beginning of particle coarsening. In the microstructure 

(Figure 1 (b)), it was possible to observe relatively good mixing and the matrix consisted of a metastable 

supersaturated solid solution of both immiscible elements. Nevertheless, it was still possible to detect small 
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inhomogeneous areas where complete mixing had not yet occurred. Unmixed original Fe particles were still 

present in the matrix. In addition, there were also particles that, according to EDS, contained the elements Fe, 

Cr, Si, Mo, V, and C. Their chemical composition corresponded to the chemical compositions of the steels 

from which the milling bowl and milling balls were made. Therefore, the cause of the presence of these particles 

was the wear of milling equipment [12,13].  

After 30 hours of milling, there was a significant increase in the powder particle size. The average particle size 

increased approximately 10 times to 226.8 m. The shape could be described more like platelet due to its 

greater thickness. It was obvious that in this case the cold-welding effect was already more pronounced than 

the fragmentation. In the microstructure, the inhomogeneous areas observed in the previous powders were 

dissolved. However, it was still possible to find several unmixed original Fe particles that still maintained the 

same round shape, regardless of the relatively long milling time. Due to longer milling time, the amount of 

powder contamination increased.  

After 50 hours of milling, further coarsening occurred. The powder particle size was 409.8 m. The shape and 

microstructure were comparable to a milling time of 30 hours, only the level of contamination was slightly 

higher. 

Based on the results obtained from the performed optimization, 15 hours was chosen as a suitable milling time 

for the preparation of CuFe powder using “soft” MA conditions. The particle size of the newly milled powder 

was 621.8 m, which was approximately 25 times higher than the size achieved in the optimization (after 15 

hours of milling the size was 24.8 m). Some powder particles had a platelet shape with great thickness, 

however, most particles had a relatively spherical shape (Figure 1 (c)). The microstructure showed very good 

mixing and the matrix consisted of a metastable supersaturated solid solution of Cu and Fe. Similar to 

optimization, it was possible to observe several unmixed original Fe particles as well as a low level of 

contamination (Figure 1 (d)).    

3.2. “Hard” MA conditions 

After 8 hours of milling, the powder particle size was 329.9 m. Most of the particles had platelet shape, but 

almost spherical particles were also present. In the microstructure, it was observed that the Cu and Fe powders 

were mixed, although a very fine lamellar microstructure still appeared. Nevertheless, considering the low 

contrast of the lamellae, it could be assumed that these were no longer separated metals, but only very small 

differences in the chemical composition of metastable supersaturated solid solution. The microstructure also 

contained several unmixed original Fe particles. In addition, particles rich in Cr, Si, Mo, V, and C had already 

appeared, which were caused by the wear of milling equipment.  

After 15 hours of milling, considerable powder fragmentation occurred, and the powder particle size decreased 

to 152.2 m. Compared to previous powder, there was a significant flattening of the particles that had a flake 

shape. In the microstructure, it was possible to observe very good mixing as the fine lamellar microstructure 

disappeared and the matrix was thus composed of a metastable supersaturated solid solution. However, 

several unmixed original Fe particles were embedded in the matrix. The level of contamination was comparable 

to previous powder.  

After 20 hours of milling, there was still a slight powder fragmentation, and the powder particle size decreased 

to 141.3 m. The shape and microstructure were the same as described for 15 hours of milling 

(Figures 1 (e,f)).  

After 25 hours of milling, the powder particle size increased significantly to 423.4 m. Most of the particles had 

platelet shape, but some of them were almost spherical in shape. No changes were observed in the 

microstructure except for a higher level of contamination, which was caused by the wear of milling equipment. 
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Based on the results obtained from the performed optimization, 20 hours was chosen as a suitable milling time 

for the preparation of CuFe powder using “hard” MA conditions. Moreover, a powder with a milling time of 15 

hours was prepared, which according to the optimization should also have very good properties and can be 

compared with a powder prepared using the same milling time and “soft” MA conditions. The resulting particle 

sizes of the powders milled for 15 hours, and 20 hours were 1761.1 m, and 2126.4 m, respectively. This 

was more than 10 times the size achieved in the optimization. Particles of both powders had plate shape with 

a great thickness. However, it was also possible to observe the small number of particles with a perfectly 

spherical shape. The shape of the powders was completely different compared to the shape of the powders 

obtained in the optimization (Figure 1 (g)). The microstructure of the two newly prepared powders was 

identical. Good mixing has taken a place and the matrix consisted of a metastable supersaturated solid 

solution. Nevertheless, it was possible to observe small areas of unmixed iron as well as powder contamination 

in the microstructure (Figure 1 (h)).  

To test the effect of possible overheating of the powder during milling, the third powder with a milling time of 

20 hours and milling time scheme of 5 min milling + 30 min pause was prepared (milling time scheme of other 

powders was 5 min milling + 10 min pause). The resulting powder particle size was 1550.7 m. The shape of 

the powder particles and their microstructure were the same as the other two newly milled powders. 

 

Figure 1 Morphology and microstructure of milled powders prepared by “soft” MA conditions (a-d) and “hard” 

MA conditions (e-h). (a,b) optimization, 15 hours of milling; (c,d) newly milled, 15 hours of milling. (e,f) 

optimization, 20 hours of milling; (g,h) newly milled, 20 hours of milling. 

3.3. Summary 

In terms of the resulting powder particle size, the optimization results showed that the “soft” MA conditions 

were better than “hard” MA conditions (Figure 2). “Hard” MA conditions possessed higher milling energy which 

in combination with very plastic Cu led to an enhanced cold-welding effect and thus resulted in larger powder 

particle size. However, both MA conditions showed the same trend when at first, the powder particle size had 

decreased, and from the milling time longer than 15 - 20 hours, there was a significant coarsening. The 

coarsening of milled powders continued even after 50 hours of milling. This result did not correspond to the 

general idea of the principle of MA [12,14] when in the initial stage of milling, the powder particles should 

increase their size, subsequently, the plasticity of milled powders is depleted, and their size decreases back 

to the original value. In this last stage, the true alloying begins to occur. The reason why the powder still 

coarsened even at long milling time was not obvious, the probable reason could be the very high plasticity of 

Cu.  

In terms of the resulting microstructure, the optimization results showed that the “hard” MA conditions were 

better. After 15 hours of milling, the microstructure of the milled powder showed a very good mixing of the 

elements and consisted of the metastable supersaturated solid solution of Cu and Fe. In the case of “soft” MA 
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conditions after 15 hours of milling, inhomogeneous areas were still present in the microstructure and their 

dissolution required a longer milling time (at which the powder particles had already coarsened). This result 

was again related to the milling energy since higher milling energy ensured faster alloying of the elements.  

The newly milled powders prepared by chosen parameters showed significantly higher values of powder 

particle sizes compared to the results of the optimizations (Figure 2). In accordance with the optimizations, 

“hard” MA conditions produced larger powder particles. In addition, when comparing the particle sizes of the 

newly milled powders for 15 and 20 hours (“hard” MA conditions), the opposite trend was evident than in the 

case of optimizations. This result suggested that the stage of particle size reduction did not occur in the newly 

prepared powders and the cold-welding effect was more pronounced than fragmentation throughout the 

milling. One of the possible causes of such significant coarsening could be overheating of the powder during 

milling. Within the optimization, the milling bowl was opened after a certain milling time, a small amount of 

powder was taken out, then the bowl was resealed and filled with argon. After that, the milling continued. This 

provided more time to cool the powder and the whole milling equipment. As the results of the newly milled 

powder with a prolonged pause between milling cycles showed, a longer time for cooling led to a smaller 

powder particle size. However, the effect was not so significant as to be the main cause. As the main cause 

was considered the oxidation of the powder surface. Within the optimization, the milling bowl was opened in 

the air atmosphere. Although the time between opening the bowl and refilling it with argon was very short (a 

few minutes), it can be assumed that the surface of the powders was at least partially oxidized. This slightly 

strengthened the powder particles, which could lead to enhanced fragmentation at the expense of the 

cold-welding effect. In contrast, newly milled powders were sealed in an argon atmosphere throughout the 

milling and thus the oxidation of the powder was prevented. This allowed the milled powders to retain high 

plasticity (mainly due to Cu). In terms of microstructure, the optimization results were comparable to the newly 

milled powders.  

Preparation of advanced immiscible alloys requires a small particle size of a milled powder with a 

homogeneous microstructure composed of metastable supersaturated solid solution. Based on the results, 

“soft” MA conditions seemed to be more appropriate. Nevertheless, with regard to the resulting powder particle 

size, chosen parameters were probably not completely ideal and further optimization is necessary, including 

other parameters such as e.g., ball-to-powder weight ratio.  

 

Figure 2 Particle size comparison of all powders 

4. CONCLUSIONS 

In this work, two sets of MA conditions (“soft” and “hard”) for the preparation of CuFe powders were tested. 

Based on the results, the following conclusions can be drawn:  
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 “hard” MA conditions led to a larger powder particles  

 the microstructure of the milled powders contained particles rich in Cr, Si, Mo, V, and C, which were the 

result of the wear of the milling bowl and milling balls 

 for both sets of MA conditions, regarding the optimization, the optimal milling time appeared to be 15 - 20 
hours 

 the newly milled powders prepared by chosen parameters showed significantly higher values of powder 

particle sizes compared to the results of the optimizations; the estimated reason was the oxidation of 

the powder surface during optimization  
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Abstract 

We follow an alnico alloy sample to non destructive testing using X-ray radiography. X-ray Computed 

Tomography (CT), also widely known as MicroCT, is a proven method for not only checking the structural 

integrity of casting parts - for example for porosity - but also for checking a dimensional accuracy. It is important 

for assessment casting with complex or small internal areas that could not be inspected by conventional 

measurements without failure of the final products. Moreover, we were able to visualize the internal defects of 

the different shapes of casting objects. The gray-value contrasts of the CT images were excellent to distinguish 

the resin material in the alloy samples. This will be a useful qualitative and quantitative advancement to rapid 

and detailed non-destructive analysis within the die-casting industries in improving the quality of the alnico 

alloys. 

Keywords: Non destructive testing, X-ray testing, computer topographic testing, alnico alloys 

1. INTRODUCTION 

Structural integrity of materials is to be monitored to safe operation [1-3]. Regular periodic non-destructive 

investigation right from the date of installation will not only enable the user to achieve optimum safe utilization 

but also to alarm when untoward deterioration is caused due to different parameters [4-7]. The estimation of 

mechanical properties of materials can be carried out by several methods; destructive and non-destructive [8].  

By definition, destructive tests lead to permanent damage to the test specimen. It is possible to evaluate the 

materials - non-destructive tests, which do not destroy the analyzed elements. The non-destructive testing 

tool, surface and volumetric techniques are used in quality control and quality assessment in all industries [9]. 

Conventional, non-destructive testing for alloys has been extensively studied, including ultrasonic and 

radiograhic testing [9]. X-ray tomography is a non-destructive method of studying the internal structure of 

various objects. Radiographic inspection has higher sensitivity, is primarily used to test volume-type defects in 

casting industries [9]. The principle of operation of a computer tomograph is that the radiation source and 

detectors move around the object, which is x-rayed with X-rays parallel to the image plane. This radiation 

passes exactly through the examined object and is attenuated by penetrating through this object [10-12]. The 

method consists in recording the degree of attenuation of X-rays passing through the tested sample. This 

weakening depends on the path of the radiation in the material (its thickness) and its absorption capacity 

[13,14]. The absorption capacity depends on the atomic properties of the substances, thanks to which it is 

possible to distinguish them in the tested sample. The source of radiation is an x-ray tube, the operating 

parameters of which, such as power and voltage, are selected depending on the needs. Biological materials - 

generally with low absorbers - are tested with the use of low-energy radiation. Due to their high absorption 

capacity, materials such as metals are tested with high-voltage X-ray tubes. 

In modern tomographs, the radiation passing through an object is recorded with a semiconductor detector, 

enabling the observation of the object's interior in real time. In order to be able to represent the three-

dimensional internal structure, it is necessary to make multiple projections of the object from different angles. 
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For this purpose, the source and the detector rotate around the examined object, as in the case of medical 

tomography, or the object rotates around its axis, and the source-detector system is stationary as in most 

research and industrial tomographs. The appropriate number of projections (usually several thousand) allows 

for a precise reconstruction of the internal construction. 

In industry, this method is used on an increasing scale. CT is commonly used in defectoscopic examinations 

and to check the internal structure in the field of materials engineering (e.g. for testing polymers, composites, 

synthetic materials, ceramics, metals and their alloys), as well as in the electronics industry (e.g. to check the 

continuity of connections of individual elements ), micromechanics (e.g. to check micromechanisms or precise 

components), geology (e.g. to determine porosity in reservoir rocks, in the study of fossils and minerals), 

archeology (e.g. in the study of archaeological monuments), biology (e.g. to study the structure of plants and 

soft and hard biological tissues). 

As a result of tomographic examinations it is possible 

 analysis of internal defects; 

 analysis of the structure of materials; 

 nominal-actual comparison with the CAD model; 

 analysis of dimensions or wall thicknesses; 

 reverse engineering. 

Quality assurance and quality control requirements have become increasingly prominent. Therefore testing 

the internal structure and assessing the integrity of alloys are very important [9]. The visualization and the 

characterization of the internal architecture of cast Alnico is important to avoid damage during operation. The 

authors would like to throw some light on this technique of volumetric analysis of alnico alloys. 

2. MATERIAL AND EXPERIMENTAL METHODS 

Alnico is an acronym referring to the family of ferrous alloys or sinters, which, apart from iron, mainly contain 

aluminum (Al), nickel (Ni) and cobalt (Co) - hence the name Al-Ni-Co [15]. These alloys sometimes also contain 

copper and titanium. Alnico alloys are ferromagnetic, with high coercivity (resistance to demagnetization), 

hence they are used in the production of permanent magnets. The greatest advantage of AlNiCo magnets is 

high thermal resistance. These magnets can be used up to 525 °C. 

The development of alnico alloys began in Japan in 1931, when T. Mishima discovered that an alloy of iron, 

nickel and aluminum had a coercivity of 32 kA/m), twice as high as the strongest steel magnets at that time 

[16]. Before the development of magnets containing rare earth elements (eg. neodymium magnets), they were 

the most powerful of the existing types of magnets [17]. Typical composition of alnico alloys is 8-12 wt% Al, 

15-26 wt% Ni, 5-24 wt% Co, up to 6 wt% Cu, up to 1 wt% Ti, supplemented to 100 wt% Fe. 

They are used in industrial and consumer applications where a strong permanent magnet is required; 

examples are electric motors, guitar pickups, microphones, sensors, magnetrons, stomach magnets for cattle 

[18]. In many applications, they are systematically replaced by stronger rare earth magnets. There are a total 

of 29 grades of alnico (17 grades of casting alloys, 10 grades sintered, 2 bonded grades). The alloys are under 

trade names such as Alnico, Columax, Alcomax 3SC, Alni, Hycomax, Ticonal [19]. The composition of Alnico 

alloy that were investigated is shown in Table 1.  

Table 1 Chemical composition of the alnico alloy (wt%) 

Element Al Ti Fe Co Ni Cu 

Average  17.90 0.91 35.16 26.19 15.29 4.56 
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The volumetric evaluation of Alnico alloys is possible by means of ultrasound or radiographic tests. However, 

due to the high attenuation of the ultrasonic wave in the case of samples with greater thickness, UT tests are 

of limited use. The use of the transmission technique (one head sends the other one receives a signal) allows 

the analysis of larger thicknesses. However, based on the team's research, X-ray examinations are more 

effective for the 3D evaluation of alnico alloys. The use of appropriate parameters for the execution of a 

tomographic scan allows for obtaining satisfactory results. 

The tomography measurements were carried out at the Laboratory of Radiography and Tomography at the 

Kielce University of Technology, Poland. The world's first X-ray computed tomography system combining three 

different radiation sources from Nicon. The laboratory is equipped with: 

 two sources of x-ray microfocus 225 kV and 450 kV 

 450 kV minifocus X-ray source. 

To ensure stable measurement conditions and to minimize thermal influences during scans of long duration 

laboratory is equipped with air and liquid cooling system. X-ray was used for converting images. The 

reconstructed data were processed and visualized with the software VG Studio 3.4.1. Segmentation was 

performed using global grey -value thresholds [14]. Castings tend to form shrinkage cavities due to the 

reduction in metal volume during cooling and solidification. In addition, we can distinguish scars, blisters, tears, 

scabs, cracks [20-25]. In the case of the analyzed Alnico alloy, the most frequently observed foundry 

imperfections are pores, micropores, blisters and cracks. 

As a result of the tests carried out with the use of X-rays, it was possible to visualize internal defects [26]. 

Figure 1 shows a 3D reconstruction of a disc with a diameter of 40 mm and a height of 20 mm. As a result of 

ultrasonic tests, the defect was revealed at a depth of about 9.5 mm. On the basis of Figure 2 and the analysis 
of the tomographic reconstruction allowed for precise dimensioning of the defect along with its location. From 

the point of view of the defect assessment, the most important thing is its length, which was 9.2588 mm and 

the void volume was 10.99 mm3. The verification of the placement confirmed that the void is at a depth of 

9.2588 mm. 

 

Figure 1 3D tomographic reconstruction of the cylindrical alnico alloy casting with the void area marked in 

blue and the defect features (volume, location) 

Figure 2 shows a 3D tomographic reconstruction of a ring with an outer diameter of 50 mm and an inner 

diameter of 30 mm. The colours represent the volumes of the individual defects. Blue indicates defects with a 

volume below 1 mm3, and red indicates defects larger than 6 mm3. 
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Figure 2 3D tomographic reconstruction of the alnico ring with the defects marked 

Figure 3 shows a view of three sections of the 3D model and the model itself. As a result of setting the 

transparency at the level of 80%, it is possible to observe internal defects in the 3D model. 

 

Figure 3 Screen view from VG Studio showing cross sectionswith the defects marked a) x-y section;  

b) z-y section; c) x-z section; d) 3D model 

By analyzing the cross-sections in individual axes, it can be stated that the defects are centrally located. It is 

especiallyvisible along the Z axis, between the top and bottom - Figure 3 b). The occurrence of air bubbles, 

air voids, gases may indicate significant gassing of the casting. As a result of the crystallization and 

solidification of the metal, the volume of the casting is reduced and, as a consequence, there are voids in the 

casting. Measurements of the distance between the location of most internal defects prove that the casting is 

cooled evenly towards the top and bottom walls. However, as in Figure 3 c), a greater density of defects can 

be noticed near the inner radius - the hole in the analyzed ring. This may prove a lower cooling speed of 
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internal walls than in the vicinity of external walls. Research confirms the occurrence of large bladder defects 

with a volume of up to 25 mm3, which are unacceptable. This may be a defect in the form of voids, blisters due 

to clotting. The analysis of a larger number of samples proves that there are Alnico alloy rings without internal 

defects and these samples containing incompatibilities can be distinguished. 

In addition, specialized software allows you to summarize all indications (defects) in the form of a sheet 

containing all information about each of the specified internal non-conformities. As an example, Table 2 shows 

inconsistencies with their characteristics for the defect radius greater than 1 mm condition.  

Table 2 Data for a selected sample made of alnico alloy with details of dimensions and location of defects 

Radius 

(mm) 

Diameter 

(mm) 

Volume 

(mm3) 

Surface 
(mm2) 

Projected 
sizex (mm) 

Projected 
size y (mm) 

Projected size 
z (mm) 

7.2218 14.4436 25.08 723.4 14.3087 9.0072 6.794 

4.6506 9.3013 3.6 52.95 3.1911 7.9264 7.1543 

3.2412 6.4825 7.31 103.93 5.2499 4.9926 3.2426 

2.2921 4.5842 3.9 67.11 4.3235 3.397 3.2426 

2.2392 4.4784 0.92 20.65 4.2205 2.625 1.8014 

1.9309 3.8618 1.22 14.8 1.75 2.7794 3.1397 

1,6123 3.2247 1.28 15.37 2.8823 1.9559 2.2647 

1.4338 2.8676 0.96 16.25 2.1617 2.2647 1.9044 

1.2676 2.5353 0.85 17.23 2.3676 2.1103 2.0073 

1.1781 2.3562 0.24 4.58 1.9559 1.4412 1.0809 

1.0853 2.1706 0.33 5.83 1.0294 1.8014 1.5441 

The VG Studio software also enables verification and comparison of the performed tomographic reconstruction 

with the CAD geometry design. As can be seen in Figure 4, the colours in the model on the right show the 

deviations from the reference geometry. It is also possible to verify that the raw casting after machining will not 

contain defects on the surface (side walls). Figure 4 a) shows the adjustment of the CAD model (dark gray) 

to the actual sample - cast - marked with light gray. There is a mismatch probably resulting from an error in 

the casting mold. Figure 4b) shows the matching of the CAD model with the final real object. Blue and purple 

indicate negative deviations, while yellow and red are positive deviations. A negative deviation informs about 

the lack of material, and a positive deviation informs about the need to remove excess material.  

 

Figure 4 Verification of a tomographic scan with a CAD model 
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3. CONCLUSION 

Tomographic examinations make it possible to identify almost all existing defects in the tested alnico detail. 

With the help of tomographic examinations, it is possible to locate non-compliance in the volume of the X-

rayed materials. 

The use of appropriate exposure conditions, i.e. distance lamp, scanned object - scanned object - detector, 

type and thickness of the diaphragm allows for clear reconstructions of alnico alloys. 

The use of shutters reduces image blur caused by stray radiation. 

About half of the tested Alnico castings have symmetrically arranged internal voids, gas bubbles formed during 

solidification. 
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Abstract 

Compacting pressure applied during the SPS method varies in the literature. This study evaluates the influence 

of the applied compacting pressure on the microstructure and porosity of sintered materials. Using spark 

plasma sintering (SPS), cold compacted magnesium powder (green compacts) was sintered to bulk 

magnesium materials. The green magnesium compacts were prepared at room temperature using 100 MPa 

of uniaxial pressure, which was applied for 60 s. Using SPS, the green compacts sintering was carried out at 

400 °C for 10 min. Various compacting pressures were applied during sintering: 20, 40, 60, 80 and 100 MPa 

to analyse the influence of the pressure. The resulting microstructure and porosity strongly depended on the 

compacting pressure applied during SPS. An increase of the compacting pressure was shown to be beneficial 

for material homogeneity, while this effect was pronounced up to 60 MPa, and only a slight effect on the 

material porosity was observed above this pressure. 

Keywords: Magnesium, powder metallurgy, SPS, microstructure, porosity 

1. INTRODUCTION  

Even though the low corrosion resistance is a limitation for the broader use of magnesium in engineering 

applications, it is used in industry for its excellent strength to weight ratio [1-3]. Casting magnesium has 

considerable disadvantages as element segregation in the ingot during cooling is unavoidable, and some 

elements and compounds are insoluble in magnesium, even in the liquid form [4,5]. Magnesium strengthening 

can also be achieved by grain refinement, usually achieved by Severe Plastic Deformation (SPD) methods or 

powder metallurgy. This method offers the possibility of producing new alloys and composites, which are 

otherwise impossible to produce by conventional methods [6,7]. Due to favourable mechanical properties and 

corrosion resistivity, magnesium alloys are mainly used in engineering practice. Unalloyed Mg can provide 

benefits due to its purity highly demanded in the medical field. 

Spark Plasma Sintering (SPS) allows fast consolidation of powder materials. This method effectively 

consolidates powders in short times due to rapid heating while a compressive load is applied [8-10]. The spark 

plasma sintering combines electrical energy with unidirectional mechanical pressure to convert powders into 

compacted material of the required dimensions and density. Typical pressures used for compacting during the 

SPS process range from 10 MPa to 100 MPa [11-13], even thou some extremes reach up to 1 GPa [3]. The 

rapid heating is caused by Joule heating, which results from the electric current passing through the sintered 

material. The high electrical resistivity of the powder causes heating within the material, and no additional 

heating of the furnace is required [14]. Plastic flow significantly contributes to the pore closure, increasing the 

overall sintering rate. As a result, a high density of the compacts can be achieved in short times or at a lower 
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temperature than without applied current [15-17]. Typical sintering times for SPS methods are under 10 min 

[18], whereas hot pressing methods require much longer sintering times of 60 or more minutes [19]. A 

compacted material with good particle bonding and minimal metallic grain growth can be achieved. The main 

factor in the acceleration of the metal sintering process is the effect of disruption or evaporation of the oxide 

layer on the surface of powder [9,20].  

In the literature, the pressure applied during SPS processing of pure magnesium varies from 30 MPa to 100 

MPa. This study, therefore, focuses on the estimation of the influence of applied compacting pressure during 

SPS when processing pure Mg.   

2. EXPERIMENTAL PART 

The magnesium powder with 27.6 μm average particle size was used to prepare all experimental materials. 

The measurement revealed homogenous particle size distribution with an average particle size with modus 

32.9 µm and median 26.4 µm. The chemical composition, size, and shape of the used powder particles were 

verified using ZEISS EVO LS 10 scanning electron microscope (SEM) with an energy dispersion analyser 

(EDS). The elemental analysis confirmed the declared purity of magnesium (Mg powder was supplied by 

Goodfellow company, declared purity was 99.7 %). The purity refers to metallic inclusions; however, the 

surface of the particles was oxidised for safety during transport. The powder particles were in the form of small 

chips. Magnesium powder was inserted into a steel die between two steel pistons, and uniaxial pressure of 

100 MPa was applied to produce cylindrical green compacts 20 mm in diameter and approximately 5 mm in 

height. The amount of powder used for a single compact was 2.7 g. The green compacts (used for sintering) 

were prepared at room temperature.  

The green compacts were inserted into a graphite die between two graphite pistons. The die was placed in the 

SPS chamber, which was closed and evacuated. After reaching a low vacuum of approximately 10 Pa, the 

electric power supply started the heating (Joule heating). The pressure of 5 MPa was applied to the inserted 

green compact during the chamber evacuation and temperature increase. The increase in temperature was 

set to 50 °C·min-1. After reaching 400 °C, additional compaction started at a 20 MPa·min-1 rate up to the 

selected pressure (20, 40, 60, 80 and 100 MPa). The heating at the selected pressure was set to 10 min. The 

prepared experimental materials were cooled in the evacuated chamber. 

The experimental materials were embedded in epoxy resin (metallographic specimen), ground and polished 

using a Tegramin-25 automatic grinder/polisher. The composite grinding wheels with a grain size from 220 to 

4000 were used for the metallographic specimens grinding. The polishing was performed on polishing cloths 

with diamond pastes with a mean particle size of 3 µm and 1 µm. Isopropanol was used as a wetting agent 

and rinse to minimise the oxidation of metallographic specimens during the metallographic preparation. The 

metallographic evaluation was performed using SEM. The porosity was calculated from the dimensions and 

mass of the individual sintered compacts. The microstructure evaluation by electron backscatter diffraction 

(EBSD) was performed on polished and etched metallographic cross-cut sections of four selected SPS 

samples using a Jeol JSM 7600F SEM. High angle grain boundaries were determined according to a 

misorientation of 15°. The accelerating voltage was set to 20 kV for the best signal to noise ratio.  

3. RESULTS AND DISCUSSION 

The typical microstructure of the experimental material is shown in Figure 1. No metallic grain boundaries 

within the powder particles can be seen on the etched metallographic specimens (Figure 1). The powder 

particle boundaries are observable due to the presence of the oxide layer. The oxides are common on powder 

particle boundaries of magnesium [21]. A thin uniform layer of magnesium oxide was present on the surface 

of the powder particles even before the compaction because the manufacturer intentionally oxidised the 
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powder particles for safer transportation. Some oxidation can be related to the preparation and etching of 

metallographic specimens.   

The SEM observation of etched metallographic specimens clearly shows the highest porosity of the 

experimental material prepared at the lowest (20 MPa) compacting pressure (Figure 1a). It is the same level 

of porosity as for the original green compact [22]; therefore, 20 MPa load during the SPS does not contribute 

to the compaction of the green compact. With the increase of compacting pressure during SPS, the porosity 

in experimental materials continually decreases to an apparent minimum of 5 % (for 80 MPa). This decrease 

can be attributed mainly to the pore closure due to the combined effect of sintering temperature and sintering 

pressure. 

 

Figure 1 The etched (2% Nital) microstructure of sintered compacts; a) 20 MPa during SPS; b) 40 MPa 

during SPS; b) 60 MPa during SPS; d) 80 MPa during SPS; e) 100 MPa during SPS 

A higher temperature during sintering is connected with the higher plasticity of magnesium due to the activation 

of more slip systems, allowing plastic deformation in the magnesium hcp structure [23,24] to occur. Also, 

sufficient pressure has to be applied. Based on the obtained results, at least 40 MPa of compacting pressure 

should be applied during the sintering of green compacts to decrease the porosity of the experimental 

materials.  

Compared to the microstructure of the experimental materials prepared at lower (below 60 MPa) pressures, 

the microstructure of the experimental materials prepared at higher compaction pressures (at and above 80 

MPa) consists of highly deformed powder particles. Besides the plastic deformation of magnesium, the used 

pressure must be high enough to break the oxide layer created on the particle surface, resulting in accelerated 

diffusion. The EBSD method revealed significant changes in the microstructure of the experimental materials. 

Materials sintered at 40 MPa and 60 MPa revealed connected oxide layers on the powder particle boundaries 

(dark areas - areas not indexed by EBSD containing high amount of oxygen). Increasing the pressure during 

sintering led to powder particle connection (Figures 2c and d). The material sintered at the highest compacting 

pressure (100 MPa) contains only small areas of closed porosity (Figure 2d). A similar microstructure was 

found for magnesium material sintered at 390 °C under 90 MPa compacting pressure presented in [25]. 
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Figure 2 IPF of sintered materials; a) 40 MPa during SPS; b) 60 MPa during SPS; c) 80 MPa during SPS; d) 

100 MPa during SPS 

The original green compacts used for sintering contain many interconnected pores, which means that the 

material contains only a limited amount of contact points between the powder particles. These pores remain 

open during the sintering at low compacting pressure (bellow 40 MPa), resulting in highly porous experimental 

materials. Thus, for low compacting pressures, the SPS technique has only minimal effect on the final porosity. 
Due to the increased compacting pressure during sintering, the open porosity changed to a closed porosity, 

and its amount decreased.  

The density calculation from the dimensions and the weight of the experimental material also confirmed 

porosity levels. The results are shown in Table 1. 

Table 1 Calculated porosity of experimental materials (initial porosity of green  

             compacts was 24 %) 

Compacting pressure during SPS (MPa) Porosity (%) 

20 24 ± 1 

40 12 ± 1 

60 8 ± 1 

80 5 ± 1 

100 6 ± 1 

4. CONCLUSION 

The green magnesium compacts prepared at room temperature applying 100 MPa for 60 s were sintered using 

the SPS method at 400 °C for 10 min with varying additional compacting pressures (20, 40, 60, 80 and 100 

MPa). The compacting pressure during sintering significantly affected the resulting experimental material 

properties.  

 The microstructure of the prepared experimental materials strongly depends on the applied pressure 

during sintering. With increasing compacting pressure, the porosity of the experimental materials 

continually decreased from 24 % to approximately 5 %. 
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 The compacting pressure of at least 80 MPa should be used to sufficiently bond magnesium powder 

particles during SPS at 400 °C when sintering green compacts. 
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Abstract 

The aim of this work is a proposal of innovative technology of metal waste processing - sludge and filtration 
cakes from galvanizing plants. The paper deals with possibilities of zinc obtaining from waste of galvanic 
sludge, which arises during galvanic plating. A leaching process in a sodium hydroxide environment was 
optimized in the laboratory conditions, resulting in separation of zinc from iron and other organic and inorganic 
components from sludge. The obtained leach was processed by means of the electrolysis in order to get pure 
zinc. The stainless plate was used as a cathode, nickel plate as an anode. Results of chemical analyses of 
individual intermediate and final products at the hydrometallurgical processes are presented in this paper. 

Keywords: Galvanic sludge, zinc, leaching, chemical analyses 

1. INTRODUCTION 

Zinc sludge can be treated by hydrometallurgical methods. Literature data on hydrometallurgical treatment of 

wastes mainly consider the leaching method in sulfuric, hydrochloric acid or hydroxides. This paper reports 

the results of studies on the hydrometallurgical treatment of galvanic sludge produced by industrial sources. 

Currently, this waste is managed domestically by zinc producers or sold to foreign recyclers. The galvanic 

sludge which contain larger amounts of heavy metals, constitute waste that is suitable for recycling. This sludge 

is classified as hazardous waste because of the potential release of metals into the environment. 

Recovering waste materials and recovering metals from various secondary sources is of major importance 
due to the economic and environmental benefits. Zinc is one of the most popular and versatile metals that 

finds a wide range of applications including plating, coating and alloying with other metals [1-2]. The high 

demand for zinc has also led the industry to exploit secondary sources such as zinc waste, zinc slag and 

leaching residues as potentially valuable resources. 

For hydrometallurgical processing of galvanic sludge the following procedure can be used: 

1) Leaching in an appropriate environment with the aim to transfer utility metals into the leachand to 

separate indissoluble substances by filtration. 

2) Removing iron and other metals from the leach using chemical precipitation. 

3) The leach refining with the aim to remove harmful elements and admixtures. 
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4) Zinc separation by electrolysis on a cathode. 

5) Zinc refining by distillation or rectification (as needed). 

Galvanic waste processing through a vitrification method is described in [3,4]. A lot of researches have been 

oriented on re-gaining of different metals from the galvanic sludge, e.g. zinc and iron, nickel and chromium [5] 

or copper [6]. The main problem is a varied composition and a high content of heavy metals. On the other side, 

the sludge is a potential secondary source of heavy metals. Zinc sludge can be treated by hydrometallurgical 

methods [7-10]. Literature data on hydrometallurgical treatment of wastes mainly consider the leaching method 

in sulfuric, nitric or hydrochloric acid [7]. Previous results of the leaching of galvanic waste were published in 

[11-13]. 

Zinc can be separated from aqueous solutions despite a significantly negative standard electrode potential - 

0.76 V. This is determined by the hydrogen overvoltage presence. Its value is influenced by the electrolyte 

purity, a cathode surface condition and a current density. Recommend parameters for the electrolysis are as 

follows: 400 - 700 A/m2 current density, 2.5 to 3.5 V voltage on electrodes, 35 - 40 °C temperature of the 

electrolyte. Cathode current yields range between 90 - 93 %, which mostly depends on the electrolyte purity 

[14-16]. For the electrolysis in practice are used aluminum cathodes with a thickness of 3 to 4 mm and lead 

anodes with a thickness of 5 to 8 mm with an addition of Ag 1%, which reduces corrosion while increasing the 

anode operating life. The obtained zinc reaches as high as 99.9 % Zn purity and does not need to be further 

refined. The cathode zinc can be further re-melted in furnaces and cast into ingots. In order to achieve higher 

zinc purity, additional refining through rectification needs to be performed. 

Zn electrolysis from alkaline solutions exhibits a lower sensitivity to a content of impurities, a lower consumption 

of electrical energy. Zn concentration of 8 up to 25 g/l, NaOH concentration of 80 up to 320 g/l,  a current 

density of 50 - 200 A/m2, a temperature of 30 to 40 °C. The separated Zn is of a spongy structure, a current 

efficiency of 97 % at 30 °C and 100 up to 150 A/m2. For the electrolysis it is advisable to add approximately 

50 mg of glue per 1 l of the electrolyte for higher quality of the separated zinc without dendrites. 

Gürmen and Erme [17] dealt with an influence of a current density, a temperature and a concentration of 

impurities on the separated Zn quality. They used the electrolyte with the following composition: 25 g Zn/l, 240 

g NaOH/l and voltage about 3 V. The cathode of a stainless plate, the anode of Ni plate. Brown et al. [18] 

carried out experiments with 75 g of Zn/l, 25 % NaOH with bubbling air through the electrolyte for the purpose 

of Mn and Fe oxidation. Cu, Cd and Pb were removed through cementation in the previous step. 

The aim of this work is to obtain zinc from leaching of galvanic sludge. The practical part aims at sample 

treatment, subsequent leaching of waste sludge in sodium hydroxide. This work concludes with an evaluation 

of the conditions under which the highest yield of zinc is obtained after leaching of galvanic sludge and after 

the electrolysis. 

2. EXPERIMENT AND RESULTS 

The main part of the experimental work was to determine the most suitable conditions for obtaining the 

maximum recovery of zinc from the galvanic sludge. The samples were analysed for the content of zinc and 

other metals in the laboratories of the Faculty of Materials Technology. Galvanic sludge samples were obtained 

from six galvanizing plants that were taken in various campaigns within years 2020 - 2022. The results of 

analyses of the samples delivered from three companies marked with different letters are given in Table 1. A 

significant difference in concentrations of particular elements can be noticed here. Therefore a design of an 

optimal procedure for the sludge processing using the hydrometallurgical process will be demanding for 

obtaining the adequately pure zinc through recycling. An average zinc content is about 18 wt%, which is a 

value interesting enough for its regaining. Iron concentrations were approximately 5 wt% in average. From an 

economical point of view this is a rather low value for its subsequent obtaining.  
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Table 1 Chemical analysis of the sludge delivered from three companies - ED-XRF (wt%)  

Firm Zn  Fe  Cr  Mn  Cu  Ni Co  Pb  

D20 15.9 12.3 0.08 0.07 0.01 - - - 

D21 11.3 7.1 0.1 0.08 0.1 - - - 

D22 9.5 0.87 0.51 - - - 0.11 - 

H19 23.6 3.9 0.2  - 0.08 0.01 - - 

H20 21.7 4.3 0.1 0.04 0.03 0.01 - - 

H21 15.8 2.7 0.5 0.03 - - 0.23 - 

H22 9.4 11.5 0.18 0.17 - - - - 

B20 35.5 3.9 0.7 0.08 0.07 0.01 - 0.01 

B21 19.4 3.1 0.1 0.1 0.1 - - - 

Average 18.0 5.5 0.3 0.08 0.07 0.01 0.17 0.01 

The first step in galvanic sludge processing is the leaching process. An appropriate leaching agent needs to 

be chosen. Three kinds of acids were selected: sulfuric acid, nitric acid and hydrochloric acid, which were 

diluted adequately. Further, a temperature, a leaching period and L:S ratio needs to be selected. Hydrogen 

peroxide H2O2 or ozone O3 (Ozontech - the ozone generator) was occasionally used as an oxidation agent for 

leaching. Mixing was often problematic due to a consistency of some sludge. In the first phase before leaching 

the sludge were dried at a temperature about 105 °C, crushed to finer fractions and weighed. For separating 

the leach from the leaching residue the classical filtration through filter papers or fritted glass was used [11,13]. 

The leaches were subjected to chemical analyses using AAS (Atomic Absorption Spectroscopy) and ICP-AES 

(Inductively Coupled Plasma Optical Emission Spectroscopy). For the analysis of leaching residues and solid 

samples ED-XRF (Energy Dispersive X-ray Fluorescence Analysis) was used - Delta X mobile x-ray 

spectrometer. X-ray diffraction analysis for a presence of phases in sludge and leaching residues was applied 

as well. Everything was documented in photographs.  

In order to support a process of precipitating undesirable metals, in particular iron, in leaches, a solution of 

ammonia NH4OH, sodium hydroxide or potassium hydroxide and sodium carbonate Na2CO3 with addition of 

H2O2 was applied for a transformation of divalent iron Fe2+ in leaches into a precipitate of trivalent iron Fe3+. 

Considering the fact that leaching was performed in a highly acidic environment (pH was around zero), pH of 

the leach needed to be modified to values around 3, when iron and other elements precipitate.  

The electrolysis was performed in laboratory conditions at 3-4 V voltage and currents about 1 A at the room 

temperature. The electrolysis time period was chosen according to the very process of zinc separation on the 

cathode. The cathode was made of thin plates of various materials in accordance with the electrolyte chemical 

composition. The same also applied for the anode. For the electrolysis of the leach obtained after leaching in 

H2SO4 the cathode was made of Al plate, possibly Zn plate, the anode was made of Pb. In a case of the use 

of HCl acid the anode and cathode were made of graphite materials that proved themselves in term of their 

inertness towards the given electrolyte. The zinc ions contents were fluctuating. All depended on the delivered 

sludge sample and the used leaching agent [12,13]. 

X-ray diffraction analysis of D20 sample for a presence of various phases was carried out - see Figure 1. The 

results of the diffraction analysis show a presence of Zn, then also ZnO zincite, Fe2O3 iron oxide, FeO(OH) 

goethite and CaCO3 calcium carbonate. 
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Figure 1 X-ray diffraction analysis for a presence of phases in the sludge sample (supplier D20)  

The leaching of galvanic sludge from two suppliers D21 and H21 (see Table 1) in various environments was 

tested, i.e. in HCl solution (25 °C), H2SO4 (40 °C) and NaOH (60 °C) for a period of 4 hours under the conditions 

given in Table 2. Results of AAS analyses of the leaches are also shown here; these results imply higher Zn 

concentrations in the leach for H21 supplier, which relates to a higher zinc concentration in the used galvanic 

sludge. However, a fact has been proven again that in acidic leaching the high iron content transfers into the 

leach and other metals Cr, Mn, Cu and Ni have been identified here as well. In the case of leaching in NaOH 

only a negligible amount of Fe is present in the leach and other metals were below a measurability limit. An 

environment with high pH considerably hampers dissolving of most of metals except zinc, which is a desirable 

intermediate product for further processing. The leaches were subsequently separated from the leaching 

residues by a filtration. The results of analyses of the leaching residues using ED-XRF are given in Table 3 

which implies that approximately 2 to 3 wt% of zinc remained unleached in the sludge. The most effective 

leaching with regard to Zn and Fe was carried out in H2SO4 solution.  

Table 2 Results of AAS analyses of the leaches (mg/l) after leaching in HCl, H2SO4 and NaOH (sludge: 250 g, 

volume of the solution: 1000 ml)   

Sample pH Zn Fe Cr Mn Cu Ni 

D21 - 15 % HCl 0.39 11500 7990 243 116 21.9 6 

H21 - 15 % HCl 0.59 31500 5970 1150 60 41.2 13 

D21 - 20 % H2SO4 0.96 12500 8860 318 155 27.1 8 

H21 - 20 % H2SO4 1.28 36100 6780 1100 70 45.9 13.7 

D21 - 25 % NaOH 13.69 13200 12.2 - - 12 6 

H21 - 25 % NaOH 13.81 38800 5.2 - - - - 
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Table 3 The analyses results of the leaching residues - ED-XRF (wt%) 

Sample Zn Fe Mn Cr Al Co 

D21 - 15 % HCl, 25 °C 3.48 3.31 0.03 0.05 - - 

H21 - 15 % HCl, 25 °C 3.77 0.83 - 0.08 - - 

D21 - 20 % H2SO4, 40 °C 1.80 1.1 - - - - 

H21 - 20 % H2SO4, 40 °C 2.42 0.52 - 0.02 - - 

D21 - 25 % NaOH, 60 °C 2.45 5.92 0.09 0.15 0.17 - 

H21 - 25 % NaOH, 60 °C 2.42 1.80 - 0.16 - 0.05 

The favourable situation was for leaching of sludge samples in NaOH solution (pH = 13), when actually all zinc 

transferred into the leach and a segregation of other metals was neglectable (contents on a ppm level). This 

is an important knowledge for a following electrolysis because a problem with a precipitation of harmful 

elements (in particular iron) would be eliminated; for the electrolysis the level has to be below 20 mg/l, which 

is problematic in the case of acid leaching, as shown in Table 2. Therefore a further research was oriented 

towards galvanic sludge leaching in a hydroxide environment.  

In the first phase of the experiments galvanic sludge from D21, H21 and B21 companies of a weight of 125 g 

were used. Leaching was carried out in 20% NaOH of 500 ml volume, at temperatures of 40 °C and 60 °C 

under continuous mechanical mixing. Sampling was always performed after two hours. The total leaching time 

was 8 hours. During leaching a foam was not generated. A filtration and sampling of leaching residues followed. 

Figure 2 shows changes in zinc concentrations in the leach during the leaching process of galvanic sludge 

from three suppliers in 20% NaOH solution. 

 

Figure 2 The temperature dependence of a zinc content in leaches during leaching in 500 ml of 20% NaOH 

solution (a sludge weighed amount was always 125 g)  

Figure 2 implies a positive influence of a temperature upon the zinc dissolving process in NaOH solution and 

an adequate time period for leaching is 8 hours, when Zn content in the leach reached more or less a stable 

value. After the filtration the leaches were direct subjected to the electrolysis under the following conditions: a 

voltage of 5 V, a current of 2 A, a cathode as well as an anode - graphite, a time period of the electrolysis - 4 

h, a room temperature. The electrolyte volume for D21 sample was 260 ml, 4.62 g of 95.86 wt% Zn purity was 

segregated on the cathode. For H21 sample the electrolyte volume was 200 ml and 4.16 g of 95.65 wt% Zn 

purity was segregated on the cathode. 

Further, leaching of D22 and H22 samples in potassium hydroxide and sodium hydroxide was carried out. The 

leaching was performed under the following conditions: 125 g of the sludge, 620 ml of 20% KOH or 20% NaOH, 

a temperature of 60 °C, mechanical mixing, sampling of leaches after 4 hours and after 8 hours. A filtration for 

a separation of the leach from the leaching residue followed. The obtained leach was subjected to the 
electrolysis. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

693 

Table 4 implies that a time of 8 hours of galvanic sludge leaching is adequate for the zinc transition into the 

leach and that there are no significant differences between leaching in KOH and NaOH. In all the cases in the 

following electrolysis the zinc consumption in the electrolyte occurred and the residual Zn content was below 

100 mg/l here. The electrolysis conditions have been summarized in Table 5 below. 

Table 4 The results of AAS analyses of the leaches (1st sampling after 4 hours, 2nd sampling after 8 hours of 

leaching) and of the electrolytes after finishing  

Sample Zn (mg/l) Fe (mg/l) 

Leach D22 NaOH, 1st collection 5140 1-10 

Leach D22 NaOH 2nd collection 7480 1-10 

Electrolyte D22 NaOH 78.2 0.95 

Leach D22 KOH 1st collection 5350 1-10 

Leach D22 KOH 2nd collection 7270 1-10 

Electrolyte D22 KOH 47.2 1.22 

Leach H22 NaOH 1st collection 14900 1-10 

Leach H22 NaOH 2nd collection 21100 1-10 

Electrolyte H22 NaOH 97.6 1-10 

Leach H22 KOH 1st collection 11700 1-10 

Leach H22 KOH 2nd collection 12200 1-10 

Electrolyte H22 KOH 38.3 1-10 

Table 5 The conditions and results of the electrolysis of the leaches obtained from leaching in NaOH and  

 KOH solutions 

Sample Solution Electrolysis  Cathode Anode Time (h) Δm Zn (g) 

D22 60 °C NaOH Leach, 300 ml 4V, 3A Stainless steel Ni 4 +14.39 

D22 60 °C KOH Leach, 230 ml 4V, 3,5A Stainless steel Ni 4 +7.23 

H22 60 °C NaOH Leach, 260 ml 4V, 2,5A Stainless steel Ni 4 +28.05 

H22 60 °C KOH Leach, 340 ml 4V, 2,5A Stainless steel Ni 4 +16.76 

Follow-up, an influence of the voltage on the electrodes during the electrolysis was observed. A leach obtained 

in leaching of D22 galvanic sludge sample under the following conditions was used: 250 g of a sludge, 1000 

ml of 20% NaOH, a temperature of 60 °C, a time period of 7 h, pH 13.9. The electrolyte had always a volume 

of 200 ml, the cathode: a stainless plate, the anode: a nickel plate, a temperature at the electrolysis - the room 

temperature (in some cases, when the electrolysis was finishing a slight temperature increase occurred to 

40 °C at a maximum). The electrolyte samples were taken in time intervals of 30 minutes. The total time period 

of the electrolysis did not exceed 150 minutes. The zinc mass yields on the cathode have been documented 

in Figure 3, which implies that the voltage on the electrodes is optimal between 3 to 4 V, at the starting current 

around 1 A, an active anode surface area was 5 x 5 cm. At higher voltages of 5 and 6 V the direct-current 

source was extremely electrically stressed and the process had to be terminated before time. Figure 3 shows 

also an experiment (points for 3.9 V), when the electrolyte was re-used after the previous electrolysis for 

leaching of the same D22 sludge sample and the leach was subjected to the electrolysis for the second time. 

Approximately 5.5 g of pure zinc on the cathode was obtained at voltage 3.9 V. This result is significant for the 

finding that a fresh hydroxide solution is not always needed for leaching but it can be supplemented by a 
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relatively pure electrolyte, which is ecologically highly important from the point of view of the closed recycling 
cycle. 

In Figure 4 is visible zinc product on the cathode after electrolysis with zinc layer (sample H22). 

  

Figure 3 An influence of the electric voltage of the 

electrolytic cell upon the efficiency of the cathode zinc 

obtaining (sample D22) 

Figure 4 A photo of the zinc product 

segregated on a stainless plate  

(sample H22) 

3. DISCUSSION  

Within the presented work the aim was to propose an optimal technology for a zinc separation, perhaps even 

iron, from galvanic sludge delivered from selected galvanizing plants. Table 1 shows that zinc and iron 

contents differ markedly in the particular delivered samples, which depends on an actual production campaign 

of a galvanizing plant, a time of sludge sampling etc.. 

Based on our own experiments it was found out that leaching in the acidic environment (pH = 0 to 1) ensures 

a transition of metal elements majority into the leach with a relatively high efficiency. However, for a following 

electrolysis zinc from the leach needs to be separated from other metals, in particular from iron. There are 

plenty of schemes in the literature how to precipitate iron as well as other metals through a change in pH to a 

value of 3 to 4. In our experiments a solution of NH4OH with an addition of an oxidizing agent in a form of H2O2 

was applied first. A precipitation of Fe and other metals was carried out through a change in pH of the leach 

aiming to transform the divalent iron to trivalent that forms a precipitate and this can be separated by a filtration. 

During the precipitation experiments we have found out that additions of precipitating agents are a highly 

sensitive matter as to dosing. Just even with an addition of e.g. 5 ml of a precipitating agent a jump change of 

pH to values as high as around pH = 8 to 9 often occurred, many times a turbidity was formed that was difficult 

to filter out. The formed precipitate was difficult to filter and, moreover, even zinc from the leach transfered into 

it. Even the application of other precipitating agents such as sodium hydroxide, potassium hydroxide, sodium 

carbonate or the use of the recommended Jarosite process have not lead to positive results. In addition, the 

precipitation processes are highly time-demanding with a high consumption of other chemicals, which could 

not be applicable in practice. 

The following electrolysis of filtered leaches has confirmed a very low yield of cathode Zn in the case of a high 

Fe concentration in the electrolyte. This concerned the acid leaching. The Fe presence in the electrolyte limits 

the zinc separation on the cathode. So, if a leach with a low Fe ions level cannot be ensured, the electrolysis 

will not be successful. 

Therefore other part of the experiments was oriented to hydroxide leaching, when actually only zinc transfers 

into the leach and other metals remain in the leaching residue. The electrolysis results in the case of leaching 
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using NaOH appear to be promising because a relatively high zinc proportion was obtained in the cathode 

mass in this case. Graphite electrodes were used, later a cathode of a stainless plate and an anode of a thin 

nickel plate that proved themselves useful. The hydroxide leaching in 20% NaOH and/or in 20% KOH came 

out slightly in favour of NaOH application. The recommended voltage on the electrodes at the electrolysis is 

3.5 to 4 V, a time period of the electrolysis 150 to 180 minutes at the room temperature, the current density c. 

300 A/m2. 

A possibility of iron obtaining from galvanic sludge appears to be economically disadvantageous, although an 

average Fe content in the sludge from six galvanizing plants is about 6 wt%. In leaching in the hydroxide 

environment iron and other non-ferrous metals predominantly remain in the leaching residue and it could be 

transferred into the leach only in the HCl acid solution, where other non-ferrous metals could be leached, too, 

and a selective precipitation would be complicated and economically disadvantageous. 

At present, on the basis of the obtained positive results from the galvanic sludge processing with the aim of 

pure zinc obtaining through recycling a line has been built with a purpose to verify the technology on a semi-

industrial scale. The equipment will be assembled of three plastic reservoirs with a capacity of c. 100 l each. 

In the first reservoir a leaching process will take place in a solution of sodium hydroxide or potassium hydroxide 

for a period of approximately 8 hours at a temperature of 60 to 70 °C. After finishing the leaching and the 

leaching residue settling-down, the leach will be drawn-off into the second container intended for a filtration. 

The liquid phase will be subsequently drawn over into the third container intended for the electrolysis. 

4. CONCLUSION 

This work concerns a design and experimental verification of applicable hydrometallurgical processing of 

sludge from galvanizing plants. The first experiments of leaching in the acidic environment ensured a high 

level of transition of zinc, iron and other metals into the solution. The following precipitation process using 

various chemicals with the aim of a precipitation of iron and other metals contained in the leach at a higher pH 

value is rather time-demanding and sensitive to a proper dosing of agents and oxidizing agents (hydrogen 

peroxide). The electrolysis was successful only when the iron content in the electrolyte decreased below the 

limit value. Follow-up, on the basis of these findings the hydroxide leaching process started to be performed. 

Surprisingly, the results were very positive. Leaching in NaOH or KOH solutions ensured dissolving of a 

substantial part of zinc in the leach, while iron and other metals practically were not leached in the environment 

with a very high pH. This way a quite complicated precipitation process is eliminated and after the filtration the 

hydroxide leach can be directly subjected to the electrolysis.  

The recommended procedure for galvanic sludge processing is as follows: 

1) Leaching in 20 to 25 % NaOH or KOH, an optimal ratio L:S = 4:1, a temperature of 60 to 70 °C, a time 

period of 8 hours at minimum. Can be used an addition of H2O2. 

2) A filtration for a separation of a liquid fraction from a leaching residue using a fritted glass, or 

underpressure using water-jet air-pump. 

3) 3.5 to 4 V for the electrolysis, 300 to 400 A/m2 current density, a cathode - a stainless plate, an anode - 

a nickel plate, 25 °C temperature, a time period of the electrolysis: 3 to 4 hours. 

4) The cathode zinc needs to be protected against a consequential oxidation and subjected to immediate 

remelting in a reduction or inert atmosphere, or possibly a distillation or rectification should be carried 

out with the aim to obtain the compact metal zinc re-usable in galvanizing plants again.    

ACKNOWLEDGEMENTS    

This work was solved in the frame the project of Technological Agency of Czech Republic No. 
SS01020312 „Innovative technology of the closed loop water circulation in the electro-galvanizing 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

696 

process and processing of metal waste - sludge and filtration cakes from the galvanizing plant“ and  
of the projects No. SP2022/65 “Materials based on non-ferrous metals-preparation, processes for 
improving their properties, area of application and the possibilities of recycling selected types of 

waste“ and SP2022/68 “Specific Research in the Metallurgical, Materials and Process Engineering”. 

REFERENCES  

[1] DVOŘÁK, P., JANDOVÁ, J. Hydrometallurgical recovery of zinc from hot dip galvanizing ash. Hydrometallurgy. 

2005, vol. 77, pp. 29-33. Available from: https://doi.org/10.1016/j.hydromet.2004.10.007. 

[2] BARAKAT, M., MAHMOUD, M.H.H., SHEHATA, M.M. Hydrometallurgical recovery of zinc from fine blend of 

galvanization processes. Separation Science and Technology. 2007, vol. 41, pp. 1757-1772. 

[3] CUBAS, A., VIEIRA, L., MACHADO, M.M., GROSS, F., MAGNAGO, R.F., MOECKE, E.H.S., DE SOUZA, I.G. 

Inertization of heavy metals present in galvanic sludge by DC thermal plasma. [online]. 2018. Available from: 
https://doi.org/10.1021/es404296x.  

[4] OZDEMIR, O.D., FIGEN, A.K., PISKIN, S. Utilization of galvanic sludge as raw material for production of glass. 
[online]. 2011. Available from: http://www.ipcbee.com/vol10/9-V00019.pdf 

[5] GAROLE, D.J., GAROLE, V.J., DALAL, D. Recovery of metal value from electroplating sludge. [online]. 2012. 
Available from: https://www.researchgate.net/publication/259929267. 

[6] DANG, T.D., TUNG, M.T., HUYEN, N.T.T., GREEN, T.A., ROY, S. Electrochemical copper recovery from 
galvanic sludge. [online]. 2016. Available from: https://doi.org/10.1016/j.hydromet.2016.06.028 

[7] Liquid waste, treatment in galvanizing and zinc electroplating. Industrial wastewater & air treatment. 
https://condorchem.com /en/blog/treatment-waste-electroplating-industry-zinc-coatings/. 

[8] BROŽOVÁ, S., DRÁPALA, J., KURSA, M., PUSTĚJOVSKÁ, P., JURSOVÁ, S. Leaching refuse after sphalerite 
mineral for extraction zinc and cobalt. Metalurgija. 2016, vol. 55, no. 3, pp. 497-499. ISSN 0543-5846. 

[9] HAVLÍK, T., ORÁČ, D., PETRANIKOVÁ, M., MIŠKUFOVÁ, A. Hydrometallurgical treatment of used printed circuit 
boards after thermal treatment.Waste Manag. 2011, vol. 31, pp. 1542-1546. Available from: 

https://doi.org/10.1016/j.wasman.2011.02.012. 

[10] GUPTA, Ch.K. Chemical metallurgy. Principles and practice. 2003. Available from: 

https://doi.org/10.1002/anie.200385071.  

[11] BROŽOVÁ, S., DRÁPALA, J., LANGOVÁ, Š., VONTOROVÁ, J., RIGOULET, H., NÉTEK, V. et al. 

Hydrometallurgical methods of galvanic sludge processing. In: Conference Proceedings of the 30th Anniversary 
International Conference on Metallurgy and Materials METAL 2021. May 26-28, 2021, Brno. Ed. TANGER Ltd. 

Ostrava, 2021, pp. 916-922. ISBN 978-80-87294-99-4.  

[12] DRÁPALA, J., PETLÁK, D., BROŽOVÁ, S., MALCHARCZIKOVÁ, J. et al. Possibilities of zinc extraction from 

galvanic sludge by means of electrolysis. In: Conference Proceedings of the 30th Anniversary International 
Conference on Metallurgy and Materials METAL 2021. May 26-28, 2021, Brno. Ed. TANGER Ltd. Ostrava, p. 

916-622. ISBN 978-80-87294-99-4. 

[13] RIGOULET, H., BROŽOVÁ, S., DRÁPALA, J., MALCHARCZIKOVÁ, J. et al. Possibilities of processing of 

galvanic sludge containing useful metals by hydrometallurgical processes. Metallurgical Journal. 2021, vol. 
LXXIV, no. 5-6, pp. 50-55, ISSN 0018-8069. 

[14] UBALDINI, S., ABBRUZZESE, C. et al. Electrometallurgical recovery of zinc and manganese from spent 
batteries. Acta Metallurgica Slovaca. 2008, no. 14, pp. 262-267. 

[15] FREITAS, M.B.J.G.; DE PIETRE, M.K. Electrochemical recycling of the zinc from spent Zn-MnO2 batteries. 
Journal of Power Sources. 2004, vol. 128, no. 2, pp. 343-349. 

[16] FORMÁNEK, J. Studying of processing of the hydrometallurgical recycling of waste Zn/MnO2 batteries. 
Dissertation. VŠChT Prague, Prague 2016, p. 186. 

[17] GÜRMEN, S., EMRE, M. A laboratory-scale investigation of alkaline zinc electrowinning. Minerals Engineering. 
2003, vol. 16, pp. 559-562. 

[18] BROWN, A.P., MEISENHELDER, J.H.; YAO, NENG-PING. The alkaline electrolytic process for zinc production. A 
critical evaluation. Ind. Eng. Chem. Prod. Res. Dev. 1983, vol. 22, pp. 263-272.  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

697 

HARDENING MODEL OF ALUMINUM-BASED ALLOYS AFTER CONVENTIONAL PLASTIC 
DEFORMATION 

1Fadi ABOUHILOU, 1Lynda ABBANE, 2Mohammed ATMA 

1USTHB, Faculty of Physics, Department of Materials Physics, Materials Physics Laboratory, El alia, BP 32 

Bab-Ezzouar, Algeria, abouhiloufadi@gmail.com, abbanelynda16@gmail.com 

2Ferhat Abbas Sétif-1 University, Faculty of Sciences, Physics Department, Laboratory of Dosing, Analysis 

and Characterization with High Resolution (DAC-hr), Setif, Algeria, atmamohamed@gmail.com 

https://doi.org/10.37904/metal.2022.4501 

Abstract  

The main objective is to model the plastic behavior of the three aluminum alloys 1050, 2024 and 7075.In the 

first part, using the experimental results of uniaxial tensile tests for each alloy and in the three main directions, 

and using a strategy of identifying the parameters of each work hardening model studied, Hollomon, Swift and 

Voce, we have created an empirical database of 1050, 2024 and 7075 aluminum series alloys.In the second 

part, one established the curves of uniaxial tensile curve by using the work hardening laws and the 

experimental parameters obtained in the first part. The comparison with the experimental data shows that the 

plastic behavior model can successfully describe with the use of appropriate workhardening law for each alloy. 

Keywords: Lankford, work hardening models, aluminum alloys, anisotropy, tensile tests 

1. INTRODUCTION 

Aluminum alloy is a chemical composition where other elements are added to pure aluminum in order to 

improve its properties. These elements include iron, silicon, copper, magnesium, manganese and zinc in 

combined concentrations of up to 15% of the alloy by weight [1]. 

The 1XXX series alloys are made of 99% or greater pure aluminum. This series has excellent corrosion 

resistance, excellent workability, as well as high thermal and electrical conductivity [2]. Common alloys in this 

series are 1100 for electrical conductors and decorative items, 1050 for heat exchangers and pans and 1350, 

for electrical applications [3-4] 

Alloys of the 2XXX series contain, as additives, beside copper (up to 6 wt%), also magnesium, silicon and 

manganese (up to 1-2 wt%) as well as small amounts of iron, nickel, titanium, zirconium and lithium. They 

characterize in good mechanical properties and they have the properties of heat-resisting materials, owing to 

the formation of phases rich in Fe, Mn and Ti [5-6]. 

Aluminum alloys 7075 falls into this category. It is one of the strongest aluminum alloys with high strength to 

weight ratio. Apart from the high strength, the alloy has particularly high response to natural age hardening 

which makes it a natural choice for a number of aircraft structural applications, military vehicles, earth moving 

equipment, bridges and other highly stressed defense applications [7-8]. Al 7075 alloy has zinc, magnesium 

and cooper as its major alloying elements. The alloy derives its strength from precipitation of Mg2Zn and 

Al2CuMg phases [6]. 

Aluminum alloys 2024, 7075 occupy a very important place in the aeronautical field. They have a low density, 

which is an asset for reducing the weight of aircraft. In addition, they have high characteristics. Indeed, seventy 

percent of the structure of a Boeing 777 is made of precipitation hardening alloys of the 2xxx and 7xxx series 

[9]. Among the alloys of these two series are alloys 2024 and 7075. 
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In this work, we were interested in 1XXXX (1050 for 99.5% of Al and 0.5% others), 2XXX (2024 for Al and Cu) 

and 7XXX (7075 for Al and Zn and Mg) series of aluminum which are widely used in aeronautics. They are 

produced in sheet form because they usually undergo shaping by conventional plastic deformation like hot or 

cold rolling and the modeling of the work hardening behavior of alloys based on aluminum using three models: 

Holomon, Swift and Voce hardening laws. 

2. EXPERIMENTAL PROCEDURE 

Three commercial alloys 7075, 2024 and 1050 in the form of sheets of thickness 2.0, 1.5 and 1.0 mm 

successively in the states received. A cutting of the samples of (4 cm in length and 4 cm in width) is carried 

out followed by a cutting of tensile test specimens in the three directions (0◦, 45◦, 90◦) with respect to the rolling 

direction as indicated in Figure 1. The dimensions of the flat tensile test specimen are shown in Figure 2. The 

tensile tests were carried out with an MTS MTSZ Roell type drill bit (CRTI) at an initial strain rate of 10−2 s - 1 

at room temperature.  

 

Figure 1 Sampling of specimens in the three directions with respect to the rolling direction. 

 

Figure 2 Representation of the dimensions of the tensile tests used in this study. 

3. KINEMATIC HARDENING MODELS 

3.1. Hollomon hardening law 

One of the simplest laws is Hollomon hardening law, this law is based only on two parameters (KH and nH) 

does not provide any information on the elastic limit [10]. 

Hn

pHK  
               (1)  

where: - the stress (MPa)εp- the plastic strain (-); KH - the strength coefficient (MPa); nH - strain-hardening 

exponent (-). 

In the Hollomon hardening expression, the strain-hardening exponentmeasures the ability of a metal to strain-

harden; largermagnitudes indicate larger degrees of strain hardening. Formost metals, the strain-hardening 

exponent falls between0.10-0.50. 
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3.2. Swift hardening law or Krupkowski hardening law: 

In turn, Swift introduced the constant into the strain term, which is written [11]: 
Sn

SK   0 or             (2) 
 

  Sn

pSK
 0

             (3) 

where: ε0, KS, K’S, nS and n’S are the parameters. 

Note that with this law, the yield stress of the material is 

Sn

pSe K
 

              (4) 

3.3. Voce hardening law:  

In modeling the strain-hardening curve at elevated temperatures based on the relationship between stress and 
strain defined by Voce (1948) [12], the following function is used [13]: 
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,          (5) 

where εp is a plastic strain, σ1 and ε1 represent first measurement of the stress and the strain respectively, σs 

saturation stress, εc strain constant. If ε1 = 0 (limit of applicability of Hook’s law or yield point), then: 

)exp( pVVS nK  
             (6) 

where nV = -1/εc 

4. IDENTIFICATION OF MODEL PARAMETERS 

First identification: 

To identify Hollomon parameters KH  and nH, we transform the curve into: ln(σ) = f(ln (εp)), which becomes linear. 

ln(σ)= nH ln (εp) + ln(KH).                                (7) 

The slope of this curve gives the strain-hardening exponent nH. 
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 .                                              (8) 

Second identification: 

To identify Swift parameters K’S et n’S, we transform the curve into ln(σ) =f(ln (ε0+εp)), which becomes linear. 

ln(σ)= n’s [ln(ε0 + εp) + ln(K’s)].             (9) 

The slope of this curve gives the coefficient n’S. 
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Third identification: 

To identify voce parameters we Use origin6.0, by the fit exponential decay the first order. 
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5. RESULTS AND DISCUSIONS 

TheTable 1 shows the parameters of each alloy in the 1050, 2024 and 7075 series corresponding to each 

work-hardening model studied (Hollomon, Swift and Voce hardening laws). These parameterswere obtained 

after analyzing the tensile curves using previous identification methods for the received states. 

Table 1 The values of the parameters in the Hollomon, Swift and Voce equations 
 

  Hollomon Swift Voce 

  KH(MPa) nH KH(MPa) nS ε0 σsat(MPa) Kv(MPa) nv 

1050 

0 155.67959 0.21848 208.04825 0.3336 0.0325 75.2042 -40.23083 -80.128205 

45 186.86940 0.20040 172.69378 0.2086 0.0200 92.3269 -47.5622 -106.269926 

90 193.72776 0.21936 221.70552 0.3196 0.0198 82.0131 -39.4635 -97.465887 

2024 

0 509.68353 0.11664 738.51396 0.2903 0.0381 359.1992 -102.7798 -52.246604 

45 536.62906 0.10141 607.49868 0.1908 0.0448 371.6999 -86.9649 -93.196645 

90 471.11448 0.09341 662.38702 0.2497 0.0390 344.9915 -88.0426 -97.465887 

7075 

0 689.57123 0.09233 944.80636 0.2915 0.0811 541.1240 -139.2199 -41.580042 

45 668.14820 0.12595 1001.45578 0.3863 0.0804 484.8701 -136.1382 -33.211558 

90 704.02228 0.08763 1034.37225 0.3178 0.0813 554.3381 -137.1514 -46.576619 

According to the Table 1, Note that for the same alloy the work hardening coefficient nH does not have the 

same value in all directions in the plane of the sheet, for example nH(0°) = 0.09233, nH(0°) = 0.08763 and 

0.12595 in the direction of 45°for the 7075 alloy. Indeed, for anisotropic materials the two parameters nHand 

Lankford coefficient depend on the direction in the plane sheet metal [14]. 

The work hardening coefficient nH the greater for the 1050 alloy series than the other two series and implies 

that the 1050 is the most formable. 

 
Figure 3 Experimental and theoretical plastic stress-strain curves according to the laws of Hollomon, Swift 

and Voce of the 1050 serie alloy in the received condition 
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Figure 4 Experimental and theoretical plastic stress-strain curves according to the laws of Hollomon, Swift 

and Voce of the 2024 serie alloy in the received condition. 

According to Figure 3 we find that Swift's law is the best for describing work hardening, then Hollomon's law, 

on the other hand Voce's law is the least appropriate among these models. 

From Figure4  we notice that Voce's law describes the work hardening of the 2024 series alloy as much as 

possible, and that Hollomon's law is the worse one for this alloy. 

 
Figure 5 Experimental and theoretical plastic stress-strain curves according to the laws of Hollomon, 

Swift and Voce of the 7075 serie alloy in the received condition. 

From Figure 5, it is clear that 7075 serie alloy is easily described by the Hollomon and Swift plastic constitutive 

laws. Compared to 2024, there are several hardening zones. 

6. CONCLUSION 

 The experimental results made it possible to study the mechanical properties as well as the identification 
of the hardening model of each alloy. 

 The work hardening laws studied, Hollomon, Swift and Voce are sufficient to describe the plastic 

behavior of the aluminum alloys studied. 
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 Hollomon hardening law can describe the plastic behavior for the three alloys studied; however, it is 

perfect for the 7075 series alloy. 

 The best model depends on the alloy studied, not on the directions. 

 These identification strategies used in this work can be applied on other materials, this is the goal of the 
next work. 
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Abstract  

The article analyzes the presence of selected metals, classified as Technology Critical Elements (TCE), in 

electrical and electronic devices. Metals belonging to the group of critical metals (Germanium), strategic metals 

(Tellurium), and very toxic elements (Thallium) were analyzed. Due to the low content of these metals in e-

waste, they are usually ignored during e-waste analysis. This means that these metals belong among the least 

known metals in the literature on waste recycling. Their presence in e-waste can cause them to focus on the 

environment during improper processing of e-waste. The article discusses electronic components in which Ge, 

Te, Tl, and analysis of the possibility of entering the environment during recycling processes, are found. It 

allows determining the possibility getting of these metals into the environment, during the storage and 

processing of e-waste (especially in the unit processes of disassembly, separation, and shredding), in the case 

of uncontrolled electronic waste handling and disposal.  

Keywords: E-waste processing, waste electrical, electronic equipment, Technology Critical Element  

1. INTRODUCTION 

Recently in the world, a great demand for new technologies has been observed. The development of the 

electrical and electronic industry, rapid consumption, and "aging" of the equipment entail the necessity of 

regular replacement, which increases the amount of electrical and electronic waste (called just e-waste or 

WEEE). E-waste is a specific type of waste, that is a source of potentially toxic elements (Potentially Toxic 

Elements - PTE), including TCE (Technology Critical Elements). Thus, the amount of metals in circulation 

whose impact on the environment has not been fully understood is constantly increasing. Ge, Te, and Tl (e-

waste components) can migrate from anthropogenic sources (during e-waste recycling, transport, milling, 

shredding) to the environment. The scheme of migration of technology-critical metals during recycling 

processes was shown in Figure 1.  

Currently, germanium, tellurium, and thallium belong to Technology-Critical Elements (TCE) in the European 

Union (European COST Action TD1407: Network on Technology-Critical Elements) [1]. These metals are 

widespread in waste electrical and electronic equipment (WEEE) and therefore should be considered a 

significant source of pollution. The possible presence of these metals in the environment and the impact on 

environmental processes should be particularly taken into account, especially if they constitute potentially toxic 

compounds [2]. In the unit weight of waste electrical and electronic equipment, in the context of primary and 
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minor constituents (e.g. plastic, glass, ceramics, and other metals such as Cu, Fe, Al, Zn) Ge, Te and Tl are 

micro or trace constituents (<0.1 wt.%). However, considering the possibility of recycling these metals, it should 

be taken into account the fact that millions of tons of waste electronic equipment are in circulation. Its recycling 

and unitary processes of disassembly, separation, grinding, and milling can be the source of uncontrolled 

emissions of metals to water, soil, and air. In addition, they may cause the migration of these metals to the 

nearest environments and/or expose workers to the harmful effects of metals through inhalation, skin contact, 

or ingestion [3]. In particular, thallium is a highly toxic metal, listed by the European Water Framework Directive 

(Directive 2000) and the United States Environmental Protection Agency (USEPA 2015) as a priority pollutant, 

which penetration into surface environments and its dispersion in soils, sediments and waters can occur 

relatively easily due to high volatility and solubility of thallium compounds [4]. Critical elements are those which 

are expected to play an important role in high-technology, energy supply, green, and defence applications, but 

their supply and demand are unbalanced. The one certainty about TCE is that their release will increase: the 

global demand for REE (Rare Earth Element), for example, is expected to grow by hundreds of percent in the 

next 20 years. It is also clear that these elements will be released to the environment not as pure materials but 

rather as a mixture with many other substances [3]. 

 

Figure 1 Migration of technologically critical metals during recycling processes 

2. CHARACTERISTICS AND APPLICATION OF TCE 

Tellurium is a brittle, mildly toxic, rare, silver-white metalloid. Tellurium is chemically related to selenium and 

sulphur, all three of which are chalcogens. Tellurium is extremely rare in the Earth's crust, comparable to 

platinum [5]. The applications of tellurium are very diverse, but the quantities consumed are faint, much smaller 

than many precious metals and semi-metals used in electronics. Initially, as mentioned above, tellurium with 

lead was used as an alloying addition to steel. It was also used in catalysts, alloys with copper and lead 

(addition to non-ferrous metals improves physical properties and resistance to chemical corrosion), for 

vulcanization of rubber, and in photocopiers and thermo-electronic equipment. Currently, tellurium is mainly 

used in the production of cadmium telluride (CdTe) thin-film solar cells, which is its a major application (40 % 
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of global consumption), next to thermo-electrics (30%). There is a risk of the release of harmful compounds 

during the milling or other processes related to waste management [6].  

Germanium is a lustrous, hard-brittle metalloid in the carbon group, chemically similar to its group 

neighbours silicon and tin. Germanium, like silicon, naturally reacts and forms complexes with oxygen in 

nature is an element often used in industry because of its semi-metallic nature and semiconductor properties. 

The most important application of germanium currently is infrared optics - lenses and windows for infrared 

image recording devices (30 %), optical materials - optical fiber cables (20 %). Transistors, photodiodes, photo-

resistors, radiant solar energy transducers, and X-ray spectroscopy analyzers account for 15 % of the 

germanium supply. The alloy of this metal along with small admixtures of arsenic, gallium, indium, antimony, 

or phosphorus is used to build transistors, essential components of electronic devices. Germanium and its 

oxide - GeO2 are transparent to infrared radiation, therefore they are used as lenses and windows in optical 

instruments of the appropriate spectrum range and are used to detect thermal objects (this accounts for 30 % 

of Ge applications). In recent years, the demand for germanium has significantly increased and is expected to 

continue growing [7]. 

Thallium is a gray post-transition metal that is not found free. When isolated, thallium resembles tin but 

discolours when exposed to air. Thallium is used, among others, in semiconductor materials, photocells, 

infrared measuring devices, or in glass lenses, prisms, and windows for optical fibers, it is also used as a 

catalyst in organic synthesis. This element is important for the production of glasses with high density and 

refractive index, optical lenses, imitation jewellery, electrochemical equipment, and corrosion-resistant alloys. 

Today, approximately 70 % of thallium production is used in electronic devices [8]. Although thallium is a toxic 

element, it is used industrially and for the production of pesticides [9].  

These technology critical metals (Ge, Te, Tl) are also components such as in e-waste including PCB (Printed 

Circuit Board), cathode ray tubes (CRTs), liquid crystal display (LCD) screens, light-emitting diode (LED) lights, 

batteries, circuit boards, solar and photovoltaic (PV) cell [10]. E-waste has a heterogeneous material 

composition (organic materials, metals, glass fiber, and ceramic) and the recycling of precious metals and 

hazardous metals management requires sophisticated technologies and a multidisciplinary approach [11].  

3. RECYCLING OF TCE FROM E-WASTE 

Environmental contamination by e-waste recycling is an emerging global issue. E-waste is increasingly 

flooding the world, and is one of the fastest-growing waste streams in the world in terms of volume and its 

environmental impact on the planet [12,13]. Each year, approximately 20-50 million tons of waste of the 

electrical and electronic equipments is produced globally and this amount is estimated to increase by 3-5 % 

annually [3]. However, considering the possibility of recycling these metals, it should be taken into account that 

these operations can be the source of uncontrolled emissions of metals to water, soil, and air during the 

disassembly, separation, grinding, and milling of e-waste. In addition, they may cause the migration of these 

metals to the nearest environments and/or expose workers to the harmful effects of metals through inhalation, 

skin contact, or ingestion [1,14]. 

Of the metals mentioned above, critical metals including Ge, Tl, and Te represent a small percentage. At the 

moment, there are few literature reports on industrial processes of Ge, Tl, and Te recovery from waste. The 

situation is similar in the case of individual types of WEEE, e.g. LEDs from these rare earth devices are also 

not currently recycled [11]. A summary of TCE recycling methods described in the literature is presented in 

Table 1. 

As the available resources of critical metals are dwindling and the demand for them continues to grow, 

researchers are constantly making efforts to use new methods of separation and recovery of these elements. 
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Table 1 Summary of TCE recycling methods described in the literature 

Metal  Methods of recovery Ref. 

T
el

lu
ri

u
m

 

The majority of Te is obtained as a by-product of non-ferrous metal refining processes. A 

very small amount of Te is recovered from scrapped Se-Te photoreceptors employed in 

older plain-paper copiers in Europe. Tellurium can be also recycled from CdTe solar cells; 

however, the amount recycled is limited because most CdTe solar cells are relatively new 

and have not reached their end of life. The life span of currently produced solar modules 

is 25-30 years, and after that, they will require proper recycling. PV modules can be stored 

in ordinary landfills, as long as the CdTe contained does not leach out. In other cases, 

when the concentration of metals exceeds the limit values (the modules can release, 

among others, cadmium), it is necessary to subject them to the recycling process or 

depositing in a hazardous waste landfill. PV recycling processes begin with the physical 

separation of individual elements, then the modules are crushed, and the metals are 

removed in subsequent stages of a chemical dissolution, mechanical separation as well 

as precipitation or electrolytic deposition. Finally, glass and the metal fraction are 

recovered (e.g. 80-96 % Te, Se, Pb). Other metals (e.g. Cd, Te, Sn, Ni, Al, Cu) are 

contained in the sludge, which is then subjected to further recycling processes. There are 

also reports that a promising recycling route for WEEE is its use as a feedstock in 

pyrometallurgical copper smelting. 

[15-17] 

G
er

m
an

iu
m

 

Technically, germanium can be recovered from recycling streams with concentrations as 

low as 0.5 % for solids and 0.5 g/l for solutions. Worldwide, about 30 % of the total 

germanium consumed is produced from recycled materials electronic devices, and optical 

fibers [6]. Ge-containing solids, cakes, slurries, and solutions are processed by the 

pyrometallurgical and hydrometallurgical methods. In hydrometallurgical way, leaching 

using mineral acids or other lixiviants is used. During these processes, the germanium 

solutions are obtained. Some germanium-bearing solutions are also generated when 

metallic germanium is processed (e.g., during eroding and polishing). The compositions 

of these germanium-containing solutions are complex and diverse. To separate 

germanium from these solutions, methods such as precipitation (e.g. ferric hydroxide), ion 

exchange, and solvent extraction have been used. Ferric hydroxide is a low cost and 

convenient operation.  

[18] 

T
h

al
liu

m
 

Despite the extremely high risk of Tl in the environment, limited information on recovery 

exists in the scientific literature. The production capacities of the Tl recovery installation in 

zinc smelters are used to a small extent, so its production can easily be increased as 

required. There are also two expired patents for the recovery of thallium: the first for Tl 

contained in a molten chloride salt also containing zinc chloride, etc. involving partial 

dissolution of the salt with the addition of sulfuric acid, and the invention relates to a 

process for extracting thallium present, especially in aqueous wastes of industrial origin 

(to extract and recover thallium from a solution which contains it in the form of a salt of a 

strong inorganic acid) 

[19-21] 

4. CONCLUSION 

Global population growth, wealthier lifestyles, technological change, and government policies have altered raw 

materials supply and demand patterns since the early twentieth century. In particular, the use of multiple 

materials in single applications to increase product functionality and the push towards low carbon technologies 

and resource efficiency have increased the demand for many TCE that did not find widespread use just a few 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

707 

years ago. As a consequence of their growing use in electronic and industrial products, increasing amounts of 

TCE are being released into the environment. Electronic waste is often the source of precious metals belonging 

to TCE. Currently, little is known about the fate of many of these elements. 

ACKNOWLEDGEMENTS 

The research was carried out in the frame of the project which received funding from the National 
Science Centre of Poland based on the decision number UMO-2018/ 29/B/ST10/01522. 

REFERENCES 

[1] BELZILE Nelson, CHEN Yu-Wei. Thallium in the environment: A critical review focused on natural. Applied 

Geochemistry. 2017, vol. 84, pp. 218-243. 

[2] COBELO-GARCÍA Antonio, FILELLA Montserrat, et al. Towards better monitoring of technology critical elements 
in Europe: Coupling of natural and anthropogenic cycles. Science of the Total Environment. 2018, vol. 613-614, 

pp. 569-578. 

[3] JULANDER Anneli, LUNDGREN Lennart, et al. Formal recycling of e-waste leads to increased exposure to toxic 
metals: An occupational exposure study from Sweden. Environment International. 2014, vol. 73, pp. 243-251.  

[4] Directive, 2000/60/EC., 2000. Of the European Parliament and the Council of 23.10.2000. A framework for 
community action in the field of water policy. Off. J. Eur. 72. Communities 22.12.2000. 

[5] ANDERSON Don. Chemical composition of the mantle. Theory of the Earth. 1983, pp. 147-175   

[6] FTHENAKIS, Vasilis M. Life cycle impact analysis of cadmium in CdTe PV production. Renewable and 
Sustainable Energy Reviews. 2004, vol. 8, no. 4, pp. 303-334. 

[7] U.S. Department of the Interior, U.S. Geological Survey. Mineral Commodity Summaries, 2019.  

[8] PAULO Andrzej, KRZAK Mariusz. Rare metals. Krakow: AGH Publishing House, 2015. In Polish. 

[9] MUSZYNSKA Bozena, ROJOWSKI Jacek, et al. Biological and physico-chemical properties of thallium. MIR. 
2015, vol. 26, no. 4, pp.180-185.  

[10] FRAZZOLI Chiara, ORISAKWE Orish. Diagnostic health risk assessment of electronic waste on the general 
population in developing countries' scenarios. Environmental Impact Assessment Review. 2010, vol. 30, pp. 388-

399.  

[11] GOOSEY Martin, KELLNER Rod. Recycling technologies for the treatment of end of life printed circuit boards 

(PCB). Circuit World. 2003, vol. 29, pp. 33-37.  

[12] PERKINS Devin N., BRUNE Marie N., E-Waste: A Global Hazard. Annals of Global Health. 2014, vol. 80, pp. 
286-295. 

[13] KUMAR Amit, HOLUSZKO Maria, et al. E-Waste: An overview on generation, collection, legislation and recycling 
practices. Resources, Conservation and Recycling. 2017, vol. 122, pp. 32-42. 

[14] WITKOWSKA-KITA Beata, BIEL Katarzyna, et al. Critical, strategic and scarce metals in waste electrical and 

electronic equipment. Mining Review. 2018, vol. 74, no. 12, pp. 9-14. In Polish. 

[15] SINDERN Sven, SCHWARZBAUER Jan. Tl-speciation of aqueous samples - a review of methods and application 
of IC-ICP-MS/LC-MS procedures for the detection of (CH3)2Tl+ and Tl+ in river water. International Journal of 

Environmental Analytical Chemistry. 2015, vol. 95, p. 790. 

[16] NRIAGU Jerome O. Thallium in the Environment. USA, New York: John Wiley&Sons Inc., 1998. 

[17] KLEMETTINEN Lassi, AVARMAA Katri, et al. Recycling of tellurium via copper smelting processes. SN Applied 
Sciences. 2020, no. 2, p. 337. 

[18] ZHANG Jiang Tao, ZHIHONG Tao Liu. Review on resources and recycling of germanium, with special focus on 
characteristics, mechanism and challenges of solvent extraction. Journal of Cleaner Production. 2021, vol. 294, 

p. 126217. 

[19] BIRUNGI Zainab, CHIRWA Evans. The adsorption potential and recovery of thallium using green micro-algae 
from eutrophic water sources. Journal of Hazardous Materials. 2015, vol. 299, pp. 67-77. 

[20] PARKER Ernest G., HARLAMOVS Juris R. Recovery of thallium. CA. 1331098C, 1988. [viewed: 2022-05-03]  

[21] ALBERT Luc, MASSON Herve. Thallium extraction process. US. 5296204A, 1990. [viewed: 2022-05-03] 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

708 

COMBINATION OF SURFACE AND VOLUME ANALYSIS METHODS IN THE STUDY OF THE 
QUALITY OF THIN-WALLED CASTINGS FROM ZP0410 ALLOY 

1Karel GRYC, 1Ladislav SOCHA, 2Roman KUBEŠ, 2Václav SOCHACKÝ, 1,3Kamil KOZA,           
2Jaromír TROBL, 1Martin PINTA 

1Institute of Technology and Business in České Budějovice, České Budějovice, Czech Republic, EU, 

gryc@mail.vstecb.cz, socha@mail.vstecb.cz, kamil.koza@mail.vstecb.cz, pinta@mail.vstecb.cz 

2GD DRUCKGUSS s.r.o., Vodňany, Czech Republic, EU,  

kubes@gd-group.cz, sochacky@gd-group.cz, trobl@gd-group.cz  

3University of West Bohemia, Pilsen, Czech Republic, EU, kkoza@kmm.zcu.cz 

https://doi.org/10.37904/metal.2022.4513  

Abstract  

The technology of high-pressure die casting thin-walled castings requires increased demands on the stability 

of technological processes and pressure casting parameters. The wall thickness of the studied zinc alloy 

castings (ZP0410) ranges from 0.4 to 1.2 mm. In general, it is necessary to use higher mould operating 

temperatures and a higher casting speed when filling the mould cavity when casting thin-walled castings. There 

is an increased load on the mould (tool) and the die casting machine during this casting process and the use 

of more demanding parameters. It results in a shortening of mould service life. There is currently no own 

returnable material (alloy ZP0410) used in the given production conditions in the production of thin-walled 

castings. Only the primary alloy ZL0410 is used now. It must be emphasized that the ability to implement the 

recycling of these returnable materials is becoming increasingly important. However, it is necessary to ensure 

that the quality of production is not reduced. The research was carried out aimed at determining the current 

state. Methods of roughness analysis, computed tomography, and metallography of casting defects from 

casting machine failures even after plating are used in the study of existing production technology in addition 

to standard long-term monitoring of melt quality. The findings of these research activities were briefly 

summarized in the paper. The experimental development of the technology of using our own returnable 

material in this quality-intensive production is in progress now. 

Keywords: Zinc alloys, melting, casting, recycling, returnable material 

1. INTRODUCTION 

Zinc is the fourth most often utilized metal in the world. Zinc and its alloys are used predominantly in the 

chemical and automobile industry. Zinc-based alloys offer many characteristics which make them especially 

attractive to productions which use pressure casting and, in general, to foundry technologies. They are 

characterized by low melting temperature, which results in low energy consumption and high fluidity. The 

properties mentioned are advantageous at filling of complicated mould cavities and of very thin profiles [1]. 

Enumeration of the most often used foundry alloys is included in the standard for zinc and zinc alloys - castings 

(CSN EN 12844) [2]. Quality of the primary raw material ZL0410, which is used as a batch material for the 

relevant castings production, is defined in the standard CSN EN 1774 [3]. According to the study [4], computed 

tomography - CT - represents a revolution in the area of non-destructive testing and evaluation. This type of 

testing provides plans how to deal with defects, which fulfil specific requirements on visualization. Cracks 

caused by liquid metal could be analysed in the past in case of zinc alloys either by metallography or, as the 

case may be, a main fracture area was prepared and it was examined by an electron microscope. When using 

the original examination methods, some defects remained undetected. The three-dimensional computed 
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tomography manages to display also all cracks, including their branching and forking. This technology allows 

analysis of the general picture of the cracks network, and, subsequently, it is possible to present the analysis 

using a 3D CAD model with already displayed defects [4]. From the viewpoint of the surface roughness 

measuring, a study [5] has been elaborated; it deals with casting temperature optimization on the thickness of 

a mould wall and on the thickness of a casting wall. Regarding the surface roughness continuity on a casting, 

this measuring is not too conclusive. Nevertheless, based on this output, the Z-Cast process in the traditional 

foundry practice has been improved [5]. It can be noted that the issue of zinc alloys foundry practice is 

published rather sporadically. On the other hand, many works deal with, for example, zinc utilization for plating, 

e.g. [6-8]. The relevant studies are focused on the percentage of certain elements, for example aluminium, 

nickel and lead. The reports allow a deeper study of a zinc alloy character [6-8]. The relevant research was 

rather focused on basic evaluation and the applied methods potential will be extended gradually. The basic 

evaluation by metallography was realized, in particular, because this method can be compared very well to the 

computed tomography (CT). The research [7] presented the influence of bismuth and tin, which were added 

into a Zn-AlNi bath, on microstructure and corrosion resistance of hot dipped galvanized plating. The study 

output provided an ascertainment that compared to the Zn-AlNi plating, the Zn-AlNiBiSn plating features lower 

corrosion resistance. [7]. Within the study [8], Al, Ni and Bi were added to the zinc bath and their influence on 

the plating microstructure and corrosion resistance was being observed. By adding the Bi admixture to the 

bath, it is possible to eliminate the use of Pb, which is harmful to the environment. The disadvantage of the Bi 

admixture use is a lower corrosion resistance of the plating [8].  

The submitted paper is a part of a long-term and, considering the shortage of published outputs in the last 

decades, also unique systematic research of the issue of the zinc alloy ZP0410 castings production 

technology. Besides the insufficiently mapped matters of the own production and the influence of setting the 

parameters of the melt preparation, attention is also focused on implementation of the own returnable material 

utilization. This paper deals with a partial section of the scientific-research activities, namely with the study of 

surface and sub-surface quality of high-pressure die castings from the ZP0410 alloy. 

2. EXPERIMENTAL PROCEDURE 

Three methods were applied within the zinc components monitoring: measuring of the surface’s roughness 

(primarily evaluated by Ra), volume scanning using computed tomography (CT) and light microscopy. 

From the surface roughness measuring viewpoint are detected the surface geometric deviations from the ideal 

shape. Prior to the surface roughness measuring proper it is necessary to calibrate the instrument by a 

calibration plate (Figure 1a) and set the measuring conditions (Figure 1b). Subsequently, are obtained the 

measuring course graph (Figure 1c) and the calibration result, which must be within the tolerance  

of Ra = 2.97 ± 0.01 µm. 

 

  
a) Standard b) Measurement chart c) Measuring graph 

Figure 1 Calibration process 
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The computed tomography (CT) is applied because it allows volumetric scanning of a part geometry and, 

subsequently, the data transferability to the STL digital file formats. Among other, the format can be used for 

additive production - 3D printing. In case of the submitted paper the method is applied for non-destructive 

testing, which detects, for example, cracks, porosity, internal deviations, hidden edges and misruns.  

CT uses a rotating source of roentgen radiation which passes through the sample being analysed and which 

is captured by a detection system. The detectors record the roentgen radiation intensity decrease after it 

passed through the sample. The resulting measuring, even several hundreds measured from various angles, 

is subsequently processed by a computational software that allows creation of individual planar cross-sections 

of the sample. Using geometric digital processing of the cross sections, it is possible to create a 3D 

representation of the analysed sample, including recording of potential cavities in its volume. The computed 

tomography allows detection of cavities larger than 0.01 mm3 in zinc alloys, determine their number and size 

and specify the porosity. 

The third applied method is light metallography. The aim of this method is to visualize the material structure 

as much as possible and using a light microscope, examine the defects subsequently. This production mapping 

is essential for detecting undesirable surface and internal defects.  

Within realization of the measuring method by light metallography are ascertained the following viewpoints: 

connections between material structure and its properties, material properties at production and subsequent 

processing, causes of the material defects. 

First of all, the sample that is to be examined by light metallography was cut in selected areas and subsequently 

encased for better handling. After encasing, the samples were ground and polished on a metallographic 

grinder. Subsequently, an analysis on an OLYMPUS SZ61 stereomicroscope was performed on individual 

samples, which was focused on macro snaps obtaining. The following analysis on an inverted metallographic 

microscope OLYMPUS GX51 was focused on selected details analysis.  

3. RESULTS AND DISCUSSION 

With regard to the limited possibilities of this paper scope, the results proper are focused on one type of a 

casting, which is called „Kegelrad klein für Bajonettantrieb“ - casting No. 9 hereinafter, according to 

identification used within the research. Results of all the applied methods are described on the relevant casting. 

Before measuring the surface roughness of casting No. 9, it was necessary to specify four measuring points 

which are shown on Figure 2a. 

  

a) Measuring points b) Comparison of the No. 9 casting measuring 

Figure 2 Roughness measurement (Ra) of casting No. 9 
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A graph was created from the measured Ra values; it is shown of Figure 2b with comparison of an unworked 

and metal-plated casting No. 9. Average values and standard deviations were determined using the relevant 

values which are specified in Table 1.   

Table 1 Resulting measuring values 

Casting type Average value (Ra) Standard deviation (Ra) Units 

Unworked 0.596 ± 0.287 µm 

Metal-coated 0.752 ± 0.325 µm 

Looking at the results on Figure 2 it is evident that the highest roughness values (Ra) on the unworked and 

metal-plated casting were measured on position 2 (0.854 µm and 0.987 µm, respectively). The lowest Ra 

values were identified on position 3 (0.194 µm and 0.274 µm, respectively). Table 1 shows that the average 

Ra value on the unworked and on the metal-plated casting is 0.596 µm, resp. 0.752 µm. Table 1 also shows 

the unworked and the metal-plated casting standard deviation Ra is ± 0.287 µm and ± 0.325 µm, respectively. 

When looking at the values which were measured on the unworked casting, we can say that the metal-plated 

parts have higher surface roughness values (Ra). Nevertheless, within the complex study of various castings 

types it is quite the reverse, higher roughness (Ra) was achieved generally on unworked castings. Further 

study will confirm or invalidate whether this finding has any connection with the casting type, e.g., with 

thickness of the castings wall or with other properties of their geometry. 

The next research stage was focused on computed tomography (CT). In total, 381 cavities were discovered in 

casting No. 9, which was scanned by CT; their total volume was 21.0393 mm3, and with regard to the casting 

volume of 4895.0155 mm3 it corresponds to porosity of 0.4298 %. Figure 3a; resp. b shows cross-sections of 

a three-dimensional casting representation, obtained by computed tomography. Cavities occurrence in the 

casting volume and their distribution is evident. 

  

a) Right side of the casting b) Left side of the casting 

Figure 3 Computed tomography results 

The last stage of methods applied for quality evaluation was analysing with the use of light metallography. 

Figure 4a shows an unworked casting No. 9 without surface treatment after its cutting by a precise 

metallographic saw, with areas marked plane A and plane B, which were studied subsequently by a stereo 

microscope and a inverted microscope (Figure 5). Figure 4b shows a metal-plated casting No. 9 with surface 

treatment after its cutting by a precise metallographic saw, again with areas marked Plane A and Plane B. The 

evaluation results using light metallography are shown on Figure 6.  
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a) Raw casting b) Plated casting 

Figure 4 Cut of castings 

 

    

a) Total sample (Plane A) b) Sample detail (Plane A) c) Total sample (Plane B) d) Sample detail (Plane B) 

Figure 5 Results of metallography of raw casting (left and right side of the casting) 

 

    

a) Total sample (Plane A) b) Sample detail (Plane A) c) Total sample (Plane B) d) Sample detail (Plane B) 

Figure 6 Metallography results of metallized casting (left and right side of casting) 

4. CONCLUSION 

The submitted report is focused on introduction of a potential of combined methods oriented on the study of 

surface and volume quality of thin-walled high-pressure die casted castings from the ZP0410 zinc alloy. Based 

on the above description, it is possible to state the following conclusions: 

 No literature dealing in the necessary scope with the issue of zinc alloys castings quality assessment 
has been published in the last decades.  

 Already in this stage of research activities, the roughness measuring indicates potential connections 

between surface quality before and after metal plating and between the castings shape. 

 The computed tomography in combination with light metallography shows a significant potential for 
evaluation of surface and internal defects of thin-walled ZP0410 zinc alloy castings. 

The described conclusions show that the selected evaluation methods, together with monitoring of a number 

of other technological parameters of the ZP0410 alloy thin-walled castings high-pressure die casting 

technology, which are not discussed in the paper, are set up in compliance with the requirements of scientific-

research activities. 

Plane A 

Plane B 

Plane A 

Plane B 
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In the next stage, attention will be focused mainly on comparison of the studied qualitative parameters of 

production between castings manufactured from the primary ZL0410 raw material only, using the defined ratios 

of the own returnable material ZP0410. 
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Abstract 

It has been found in recent years that the conventional Manson-Coffin law tends to overestimate the fatigue 

life at high levels of plastic loading. Such reduction in fatigue life is associated with a fundamental change in 

the mechanism of damage accumulation. Deterioration of the structure by cracks propagation becomes 

marginal and the fatigue resistance is governed by the ductility exhaustion phenomenon. The plastic 

deformation ability under extremely low cycle fatigue conditions is generally related to the occurrence of 

secondary phases, ie. inclusions and precipitates, dispersed in the matrix. This study investigates the 

microstructure of hardenable 2024 aluminum alloy and its effect on the cyclic response in the extremely low 

cycle fatigue region. Metallographic samples of the studied alloy were probed using SEM/EDS and EBSD 

analysis to identify the morphology and chemical composition of the observed phases. Fatigue tests were 

conducted in a symmetrical push-pull regime under strain control at room temperature and cyclic plasticity and 

S-N curves were determined. Electron microscopy observations revealed anisotropic microstructure with 

numerous fragmented inclusions. Fractographic analysis showed that these hard and brittle secondary phases 

act as an effective microstructural flaw leading to strong plastic damage accumulation and subsequently to 

fatigue cracks nucleation. In terms of fatigue life curves, a huge discrepancy in the fatigue data was observed 

at the extreme levels of cyclic straining. To overcome this shortcoming, a new three-parameter regression 

function was successfully employed and the obtained results were further discussed.  

Keywords: Aluminum alloy 2024, inclusions, cyclic plasticity, low cycle fatigue, regression functions 

1. INTRODUCTION 

Aluminum alloys of the 2xxx series (Al-Cu-Mg) have proven to be technically advanced materials for a wide 

range of engineering applications, particularly in the aeronautical, automotive, and transportation sectors. The 

most common and most promising in this category is the 2024 hardenable aluminum alloy which is extensively 

applied due to its properties of high strength ratio, low density, and better thermal stability. Such materials may 

be subjected to a significant amount of plastic deformation during manufacturing and operation cycles, which 

can lead to their subsequent failure [1,2]. 

Ductile metal under periodic plastic loading often fails within a limited number of life cycles, approximately 

about 105. This phenomenon is called low-cycle fatigue (LCF) in a broad sense. In this regime, Manson and 

Coffin independently proposed the empirical fatigue law which is referred to as the Manson-Coffin relationship 

[3,4]. This equation is represented by a straight line on the log-log scale when the coordinates are the plastic 

strain range and the number of cycles to failure. In addition, under extreme seismic conditions, structural 

members acting as dissipative elements experience small numbers of very large displacement cycles. These 

loading conditions result in a rapid failure when the fracture occurs within about 100 cycles and the material 

performs differently from common LCF behaviour [5]. The fatigue process with such a short life is termed 

extremely low-cycle fatigue (ELCF). 
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An overestimation of fatigue life by the conventional Manson-Coffin law has been observed in the very low 

cycle region since the experimental curves are concave smoothly toward the vertical axis [6,7]. Such reduction 

in fatigue life corresponds to the transition of the damage accumulation mechanism. At the large level of strain 

field, the fatigue damage is dominated primarily by ductility exhaustion, and the crack initiation site is located 

in the interior of the specimen. On the other hand, in the LCF regime, the damage is represented by crack 

propagation and fatigue cracks starting from the surface [5,8]. 

Efforts have been made to overcome the shortcomings of the Manson-Coffin law in the ELCF regime [9,10,11]. 

These models are generally based on the concept of plastic damage due to ductility exhaustion during cyclic 

straining and provide good agreement with experimental data for many engineering alloys. More recently, Xue 

proposed an exponential function by combining the Manson-Coffin power law function with the plastic damage 

function, which universally fits the complete range of life cycles [12]. 

2. MATERIALS AND METHODS 

In this study, a commercially available AA2024-T351 aluminum alloy in a 20 mm-thick plate was used. The 

element composition of the as-received material determined by a GDOES spectrometer is given in Table 1. 

To make microscopic observations, two perpendicular sections were cut from the as-received plate with an 

abrasive cutter and consequently prepared by standard metallographic techniques. The final polishing was 

conducted using 1 µm particle size diamond paste and consequently etched with Keller‘s Reagent to reveal 

the basic microstructure features. 

Table 1 Chemical composition of the studied 2024-T351 aluminum alloy 

Elements Al Si Fe Cu Mn Mg Zn Ti 

(wt%) Balance 0.07 0.25 4.3 0.52 1.71 0.01 0.04 

Light microscope (LM, Zeiss Axio Observer, Germany) was employed for the initial characterization of 

metallographic samples. Fracture surfaces of broken specimens were analyzed via a scanning electron 

microscope in standard SE and BSE modes (ULTRA PLUS, Carl Zeiss, Germany). Energy-dispersive X-ray 

spectroscopy (Aztec, Oxford Instruments) was used for the chemical identification of secondary phases 

present in the alloy matrix. An EBSD analysis was further performed to determine the degree of grain 

anisotropy and the possible occurrence of deformation texture.  

Static mechanical tests were carried out on a ZWICK Z250 testing device with a constant strain rate of 1 

mm/min at room temperature. Strain-controlled cyclic testing was performed using triangle-shaped 

symmetrical loading with defined total strain amplitude (0.6 to 3 %) with a strain rate of 0.002 s-1. The low-cycle 

fatigue tests were undertaken using INSTRON 8801 testing system with a 100 kN dynamic load cell and 

equipped with a clip-on dynamic strain extensometer (gauge length of 14 mm).        

3.  RESULTS AND DISCUSSION 

3.1.  Microstructure evaluation 

The typical microstructure of the experimental material in the longitudinal orientation consists of solid solution 

grains containing alloying elements and a large number of inclusions arranged in the rolling direction 

(Figure 1). The EBSD investigation showed that the alloy matrix is composed of elongated grains with an 

average length and width of about 140 and 30 µm, respectively. Significant structure anisotropy is present 

even though the alloy has undergone a solution annealing treatment after the forming process. This unusual 

behaviour can be explained by the pinning effect of grain boundary precipitates which inhibit boundary 

migration during recovery and recrystallization [13].     



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

716 

The 2024 aluminum alloy has a high content of alloying elements and therefore various secondary phases 

nucleate in the matrix. The EDS mapping of chemical composition revealed three types of phases that manifest 

in the microstructure (Table 2). The first category is a minor granular AlCuMg precipitate with a smooth edge. 

These are probably residues that did not have enough time to dissolve at the solution annealing temperature 

[14]. The second phase is a coarse AlCuFeMn copper-rich particle with a rough fringe and the highest tendency 

to fragment in the microstructure. Closer inspection of this impurity displayed distinct chemical segregation 

throughout its volume (region I and II). The last type is iron-rich AlFeMnCuSi inclusion with sharp-edged 

geometry. This intermetallic has the most detrimental effect on the mechanical properties due to the 

superposition of its high brittleness and stress concentration inducing geometry [15].    

   

Figure 1 Microstructure of 2024-T351 alloy a) overall view (LM), b) detail of inclusions (SEM, BSE) 

Table 2 EDS chemical composition of observed secondary phases  

Elements (at%) Al Cu Fe Mn Si Mg 

AlCuFeMn (global) 75 14 7 4 - - 

AlCuFeMn (region I) 73 18 6 3 - - 

AlCuFeMn (region II) 74 8 11 7 - - 

AlFeMnCuSi 76 5 8 6 5 - 

AlCuMg 53 24 - - - 23 

3.2.  Static straining 

The obtained mechanical results for static tensile and compression loading of the aluminum alloy are depicted 

in Figure 2. The determined values of basic mechanical properties are given in Table 3. According to the 

analysis of the static stress-strain response, the experimental material exhibits continuous elastoplastic 

transition with a similar value of proof stress for both loading conditions. The compression response shows 

noticeable higher ultimate strength and plasticity. The ratio of ultimate and yield strength (equals 1.6 for 

tension) indicates a strong static hardening ability, even though the material is in a high strength state due to 

forming process and subsequent heat treatment. 

Table 3 Mechanical tensile and compression properties of 2024-T351 aluminum alloy 

Material E (GPa) σy (MPa) σUTS (MPa) εt (%) σyC (MPa) σUCS (MPa) εc (%) 

2024-T351 72.5 301 471 18.8 322 1058 35.6 
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Figure 2 Mechanical testing results for static tensile 

and compression loading 

 

Figure 3 Static tensile curve and fatigue data for 

cyclic Ramberg-Osgood function 

3.3. Cyclic plasticity and fatigue life curves   

The hardening behaviour is confirmed by the comparison between monotonic and cyclic stress-strain curves 

which is based on an analysis of fatigue hysteresis loops for each strain amplitude. The cyclic stress-strain 

curve, which represents the plastic response of the material to alternating loading, was obtained by fitting the 

Ramberg-Osgood relationship to the experimental data [16]: 

�f�  = ?f2 + ¡?fS´£
�U´                                                                                                                                                                                 G1J 

where E is Young´s modulus, K´ is the cyclic strength coefficient and n´ is the cyclic strain hardening exponent. 

Shift of saturated stress values above the monotonic deformation curve clearly demonstrates the cyclic 

hardening ability of the alloy (Figure 3). This effect is connected with the evolution of strengthening dislocation 

substructure which is the result of large reserve of material plasticity prior to cyclic straining [17]. 

The experimental data in the LCF regime can be fitted using Manson-Coffin and Wöhler-Basquin law which 

can be linked together via linear deformation superposition, expressed in Morrow notation as:  

�f� = ?´\2 ]2�\aY +  �´\]2�\aX                                                                                                                                                            G2J 
where �´\, ?´\, b and c are known LCF parameters [4,16]. Plastic strain amplitude dependence on the number 

of cycles to failure is not described by the Manson-Coffin law sufficiently for the aluminum alloy at the large 

level of plastic strain field (Figure 4). Based on this phenomenon, an alternative Xue damage function is 

chosen to correct the general drawback of over-predicting the fatigue life under extremely low cycle fatigue 

conditions. The new exponential regression function can be rewritten in the form of: 

�f` = �\ ∙ �1λ ∙ lnD�E − 14�\ + 1F�
�i                                                                                                                                                       G3J 

where 
 and m are progressive fatigue characteristics used for plotting strain-life curve covering the whole 

range of cyclic life [12]. The parameter �\ can be successfully correlated with the value of fracture strain 

obtained from the monotonic tensile diagram. Derived conventional and advanced regression fatigue constants 

with transition life Nt are listed in Table 4. 
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Figure 4 Modified strain-life curve of 2024-T351 alloy  

Table 4 Derived fatigue regression parameters of the experimental material 

σf´ (MPa) b (-) εf´ (-) c (-) εf (-) λ (-) m (-) Nt (-) 

609.42 -0.038 0.247 -0.671 0.0655 9.108 0.537 104 

3.4. Fractographic analysis   

Fracture surfaces of the specimens broken during cyclic loading are shown in Figure 5. Fatigue crack initiation 

close to the specimen surface in the vicinity of larger inclusion was characteristic for all the applied strain 

amplitudes. A more detailed EDS measurement revealed iron-rich secondary phases with sharp-edged 

geometry. The presence of these hard and brittle inclusions is an effective microstructural flaw leading to strong 

plastic damage accumulation inside the material [8,17]. Local plasticity exhaustion at the site of inclusions 

subsequently facilitates crack nucleation and its growth [18]. Transcrystalline fatigue striations were a 

characteristic feature observed near the crack initiation region. Increasing the plastic strain amplitude reduced 

the frequency of fatigue striations, which is in good agreement with the accelerated stage of fatigue crack 

growth in the ELCF regime [7,8]. 

  

Figure 5 SEM fractographs of 2024-T351 aluminum alloy (εat = 1.5 %), a) crack initiation site with marked 

surface inclusion, b) ductile fracture region with dimple morfology 

The final fracture area has a typical appearance of a ductile failure mechanism at all loading amplitudes. Due 

to the occurrence of larger inclusions and fine precipitates, two size levels of dimples were observed on the 

fracture surface. Secondary phases were present in the ductile dimples, while some of the particles were 
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broken due to the applied plastic deformation. Decohesion of inclusions from the surrounding solid solution is 

also evident in some places, indicating insufficient wettability of the alloy matrix. The overall observation of the 

fatigue fracture surface thus clearly proves the key role of micro-purity on the fatigue performance of the 2024-

T351 aluminum alloy. 

4. CONCLUSIONS 

 Microstructure of the rolled 2024-T351 aluminum alloy consists of solid solution grains and a large 

number of secondary phases arranged in the forming direction.   

 EDS mapping revealed three types of phases dispersed in the matrix, residues of AlCuMg precipitates, 

coarse AlCuFeMn particles exhibiting chemical segregation, and brittle AlFeMnCuSi inclusions with 

sharp-edged geometry.   

 The monotonic stress-strain response exhibits continuous elastoplastic transition with a similar value of 
proof stress for both loading conditions.  

 The comparison between monotonic and cyclic stress-strain data clearly demonstrates the cyclic 

hardening ability of the alloy for all of the applied strain amplitudes.  

 Conventional Manson-Coffin law does not sufficiently describe the strain-life curve in the extremely low 
cycle regime, therefore a more convenient exponential function based on Xue plastic damage model is 

applied.  

 Fatigue crack initiation site in the vicinity of iron-rich inclusion was found in all tested specimens. The 

incidence of observed transcrystalline fatigue striations diminishes with increasing amplitude of cyclic 

deformation.  

 The final fracture shows typical features of ductile failure with two size levels of dimples due to the 

occurrence of fragmented inclusions and fine precipitates. Decohesion of secondary phases from the 

matrix is another potential mechanism of fatigue damage.  
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Abstract 

Magnesium-intermetallics laminated composites have been fabricated through reactive bonding at 490 °C in 

vacuum using magnesium sheets and copper foils. Investigations were concerned with the structural 

transformations of a Mg-Cu couple boundary. Holding for only a few minutes resulted in the formation of thin 

layers at the investigated interface. Prolongation of the heating time lead to reactions in the liquid state and 

completely disappearing of copper layers. Therefore, the final microstructure consisted of alternating layers of 

unreacted magnesium and intermetallics. 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 two different 

intermetallic compounds Cu2Mg and CuMg2was predicted from the Cu-Mg binary phase diagram. The 

predominant part of the intermetallic layers was the hypoeutectic mixture of CuMg2and solid solution of copper 

in magnesium, since a liquid front of reaction was moving into the magnesium sheets. The microhardness of 

the reaction products and the elemental components was comparatively measured.         

Keywords: Magnesium, copper, intermetallics, laminated composite, microstructure   

1. INTRODUCTION 

Magnesium and its alloys have attracted recently considerable attention, primarily because magnesium is the 

lightest structural metal. Low density magnesium alloys with excellent machinability and satisfactory 

recyclability are utilized in automotive, aerospace and electrical industries [1]. However, the low elastic 

modulus of the metal and its alloys has caused a limited use of these materials. A slightly higher modulus of 

elasticity can be obtained by introducing additional reinforcing phases into the magnesium matrix. The varied 

particulate-reinforced [2-4], fiber-reinforced [5-7] and laminated [8-10] magnesium composites have been 

fabricated. It is obvious that improvement of the composites properties depend strongly on the volume fraction, 

shape and morphology of reinforcing particles. It appears that significantly higher stiffness and generally higher 

mechanical properties e.g. improved fatigue behavior, fracture toughness, wear resistance, corrosion and wear 

capacity, can be obtained for laminated composites [11]. Recently, metal-intermetallic laminated (MIL) 

composites have attracted considerable interest. They have the potential to fulfil various functions, such as 

thermal management, heat exchange, vibration damping, ballistic protection and blast mitigation [12]. Their 

production method is based on synthesis of intermetallics at the interface between two metals. To receive a 

laminated composite sheets of one metal are put alternately with foils of another metal into a packet. 

Subsequently the packet must be heated to a temperature that is high enough to start the reaction between 

the metals and the process should be continued till the thinner metal is fully consumed. This method have 

been used to produce various MIL composites [8,12-17]. In the present study, the reaction synthesis was 

employed to fabricate laminated composites in vacuum using magnesium sheets and copper 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 magnesium and copper. In order to do it, microstructural investigations of the reaction 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

722 

zone was 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 magnesium-intermetallic 

composites with alternately located layers were produced and presented. 

2. EXPERIMENTAL PROCEDURE 

In the work, 1 mm thick sheets of magnesium and 0.15 mm thick foils of copper were used to produce laminated 

magnesium-intermetallic composites with controlled pressure, temperature and treating time. The room-

temperature mechanical properties and chemical compositions of base metals are given in Table 1. 

Table 1 Mechanical properties and chemical compositions of the base metals 

Metal Mechanical properties 

Yield strength (MPa) UTS (MPa) Elongation (%) 

Magnesium 95 172 8 

Copper 64 211 42 

 Chemical elements (at%) 

 Cu Mg Al Mn Si Fe Ni Pb Sn Zn Na Ca 

Magnesium 0.045 99.79 0.03 0.03 0.02 0.02 0.001 0.001 0.01 0.04 0.003 0.01 

Copper 99.99 - - - - 0.001 0.001 0.001 0.001 0.001 - - 

Magnesium sheets and copper foils were cut into 10 mm x 10 mm square pieces. The surfaces to be joined 

were polished on 1200 grade abrasive SiC paper just before bonding. Any contamination on the surfaces was 

removed. After that sheets and foils were rinsed in water and then in ethanol. After drying rapidly, they were 

stacked into laminates in an alternating sequence. There were used 8 pieces of magnesium and 7 pieces of 

copper. 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 

480 °C was necessary for the start and rapid development of structural processes at the interface between 

magnesium and copper. The temperature was increased from 20 to 420 °C at a heating rate of 0.25 °C/s. The 

samples were heated in vacuum of 10-3 Pa at 420 °C for 1 h under applied 5 MPa pressure to allow diffusion 

bonding of the metals. After that the packets were heated to 490 °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 400 °C 

and the pressure of 5 MPa was applied again to final consolidation of the produced laminated magnesium-

intermetallic composites. After that the samples were furnace-cooled to room temperature (Figure 1).  

 

Figure 1 A schematic diagram of fabrication of magnesium-intermetallic phases composite: Mg sheets and 

Cu foils are stocked into a packet (a), diffusion bonding at 420 °C (b), processing with the liquid phase 

contribution at 490 °C (c), and the final consolidation of the laminated magnesium-intermetallic composite 
under pressure (d) 
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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 a ISIS 300 Oxford Instruments. Before the samples 

were examined with the optical microscope they had been etched to reveal the structure of the intermetallic 

layers. Vickers (HV0.1) measurements were performed by Matsuzawa microhardness tester. 

3. RESULTS AND DISCUSSION 

3.1. Structural transformations at the magnesium-copper boundary during reaction  

At the beginning of the structural 

investigations, a microstructure 

development due to solid state diffusion 

between magnesium and copper was 

studied intensively. The analysis of the 

microstructure was based on the Cu-

Mgbinary phase diagram (Figure 2) using 

SEM and X-ray spectroscope. 

Figure 3a shows the microstructure of the 

diffusion-bonded joint formed in the 

sample after holding for 1 h at 420 °C. 

Figure 3b shows the concentration 

profiles of Mg and Cu across the layers of 

the diffusion-bonded joint. In magnesium-

copper diffusion zone four distinct layers 

were observed. The analysis of the 

microstructure based on the Cu-Mg 

phase diagram revealed that adjacent to 

copper the layer of solid solution of 

magnesium in copper containing 1.52 

at% Mg was identified (point 1 in 

Figure 3b). This layer was followed by 

two single phase intermetallic layers: 

Cu2Mg (point 2 in Figure 3b containing 65.93 at% Cu, 34.01 at% Mg, 0.02 at% Al, 0.02 at% Mn, 0.01 at% Si 

and 0.01 at% Fe), and CuMg2 (point 3 in Figure 3b containing 33.42 at% Cu, 66.52 at% Mg, 0.03 at% Al, 0.01 

at% Mn, 0.01 at% Si and 0.01 at% Fe). Adjacent to CuTi2 layer was the layer of solid solution of copper in 

magnesium (point 4 in Figure 3b) containing 0.03 at% Cu. The reactions at 490 °C with liquid lead to 

completely disappearing of copper 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 

relationship between the thickness (expressed in m) of the intermetallics layer d and the holding time t 

(expressed in min) at the temperature of 490 °C was derived: 

d = 0.041 t2 + 150                                                                                                                                           (1) 

The rate of synthesized layer growth with liquid phase contribution (CuMg2 + (Mg) → L) strongly exceeds the 

parabolic growth of intermetallic phases due to interdiffusion in the solid state. 

Figure 2 Cu-Mg phase diagram [18] 
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Figure 3 Optical micrograph showing the diffusion joint developed at 420 °C for 1 h (a) and SEM micrograph 

with the concentration profiles of Mg and Cu across the layers of the diffusion-bonded joint (b) 

The final microstructure consisted of alternating layers of mixture of intermetallics + (Mg) and unreacted 

magnesium (Figure 4a). Figure 4b shows the microstructure of the layer formed after heat treatment at  

490 °C for 1 h. 

 

Figure 4 Micrographs showing the fabricated laminated composite (a) and a typical microstructure of the 

layer formed at 490 °C (b) 

The X-ray analysis shown that intermetallic layers after treating for 1 h at the temperature of 490 °C were only 

composed of two phases: CuMg2 (containing 33.27 at% Cu, 66.61 at% Mg, 0.04 at% Al, 0.02 at% Mn, 0.01 

at% Si and 0.01 at% Fe) and solid solution of copper in magnesium. The intermetallic layers were in fact layers 

of hypoeutectic alloy containing crystals of CuMg2 and eutectic mixture of CuMg2 and (Mg) (Figure 4b). The 

results clearly show that the structure resulting from the solidification of a liquid layer contains phases that are 

all enriched in magnesium. It is evident that the front of reaction zone at Cu-Mg couple migrated into the 

magnesium sheet, as it shown in Figure 3. In spite of complete copper dissolution due to reaction with the 

liquid phase contribution, more volume of magnesium than copper were consumed. Therefore, the 

predominant part of the intermetallic layers was CuMg2 phase, since a liquid front of reaction was moving into 
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magnesium. This is also the reason why there is no Cu2Mg phase in the formed composite. It reacted with 

magnesium and formed a CuMg2 phase according to the formula: Cu2Mg + Mg → CuMg2. The process of 

producing laminated composites with the use of other base metals was similar [8-17], and only other types of 

intermetallic phases were obtained. 

3.2. Microhardness measurements 

Microhardness measurements were performed for basic metals as well as for formed intermetallics and 

eutectic mixture. Results of microhardness measurements are given in Table 2. 

Table 2 Results of hardness measurements  

Magnesium Copper CuMg2 Eutectic mixture          
CuMg2+ (Mg) 

55-62 HV0.1 95-105 HV0.1 320-353 HV0.1 235-286 HV0.1 

The maximum hardness values in the range of 320 to 353 HV were achieved for relatively large CuMg2 

intermetallic phase crystals that were present in hypereutectic alloy. In the formed layers, comprising the 

eutectic mixture of CuMg2 and (Mg), hardness was lesser and contained in the range of 235 to 286 HV. In 

comparison, for metals used to produce the laminated composites: magnesium and copper the values of 

hardness were from three to five times lesser. Similar results were obtained by Dziadoń et al. [8] for layered 

Mg-eutectic composites synthesized using Mg and Al foils. 

4. CONCLUSION 

In a consequence of reaction occurring between magnesium sheets and copper foils in vacuum at 420 °C the 

diffusion-bonded joint is formed containing four distinct layers: solid solution of magnesium in copper, Cu2Mg, 

CuMg2, and solid solution of copper in magnesium. When temperature is raised to 490 °C, a laminated 

magnesium-intermetallic composite can be formed. It is evident from metallographic 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 compound CuMg2, but the predominant part of the formed layers is the 

eutectic mixture of CuMg2 and solid solution of copper in magnesium, since a liquid front of reaction is moving 

into the magnesium sheets. The formed layers are approximately from 5 to 6 times harder than layers of 

magnesium, and the maximum hardness values in the range of 320 to 353 HV can be achieved for the CuMg2 

intermetallic phase. 
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Abstract  

Nowadays, implants are predominantly made of metallic materials that have two main problems. The first 

resides in the modulus of elasticity being higher than the one of the human bone (10-20 GPa), resulting in 

stress shielding and subsequent implant failure. The second problem is the toxicity of some constitution 

elements of implant materials, which can lead to inflammation of the surrounding tissue due to the release of 

cytotoxic ions during the corrosion process and, therefore, biodegradability of the implant is not advisable. 

Hence, recent investigation has focused on the development of metallic materials that are at once 

biodegradable and biocompatible with the elasticity near human bone. The rate of degradation by corrosion of 

biocompatible alloys can be controlled by surface improvement or thermal and mechanical treatment. The aim 

of this work was to prepare the new biodegradable alloy on the base of Mg-Ca-Zn-Mn and study the influence 

of thermomechanical treatment on the alloy microstructure, phase composition, microhardness and corrosion 

properties. Homogenization annealing was performed at 480 °C for 24 h followed by water quenching. The 

material was subjected to one pass of equal channel angular pressing (ECAP) at 290 °C. The microstructure 

study was performed for as-cast, heat-treated and ECAPed conditions and was accomplished by 

microhardness measurement. The chemical and phase composition was observed using of a scanning 

electron microscope and EDX analysis. To determine the corrosion properties of the alloy, an immersion test 

was performed together with the measurement of the potentiodynamic polarization. 

Keywords: Biocompatible alloys, Mg alloy, ECAP, corrosion properties, heat treatment  

1. INTRODUCTION 

Magnesium alloys have attracted considerable attention, especially in the field of orthopedic and traumatology 

implants. The temporary implant must meet certain key attributes. Depending on the application, the 

requirements for the properties of the material can vary. However, if we focus primarily on temporary orthopedic 

and traumatology implants, then the most desirable properties include biocompatibility, adequate mechanical 

properties, natural degradability and osteogenesis. Convenient mechanical properties, low Young modulus 

and density of the Mg based alloys are closer to human bone than the properties of other metallic materials 

used in biomedicine. In addition, magnesium offers excellent biocompatibility, bioresorbability and 

biodegradability [1,2]. The Mg ion is a body metabolite contained in the bones and is absorbed daily in the 

range of 250 to 300 mg/day [3]. This ion is essential for bone cell growth and new bone formation. Although 

Mg based alloys are the most suitable biodegradable materials for medical implants, it is important to continue 

experimental research and improvement of their surface properties due to high susceptibility to corrosion and 

rapid degradation in the human body [4,5]. The reactivity of Mg leads to hydrogen gas formation and 
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accelerates the degradation resulting in low mechanical properties and possible implant failure before the 

healing time [1,6]. Microstructure refining, alloying, surface modification, machining, etc. can increase the 

mechanical properties and corrosion resistance of Mg based alloys. Various studies have shown that coating 

of the Mg material leads to increased corrosion resistance [2] and thus the requirements of controlled 

biodegradability is improved [7]. 

2. EXPERIMENT 

The Mg-Ca-Zn-Mn-based alloy was prepared from pure Mg, Mg-Ca and Mg-Zn master alloys purchased from 

American Elements, USA, and pure Mn. The melting was carried out in a Leybold-Hereus 250 V/4KHz vacuum 

induction furnace with a maximum power input of 40 kW and a caisson volume of 104 l. However, as a result 

of the evaporation of Zn in vacuum, the alloy was melted in a protective argon atmosphere. The feed material, 

despite its high purity, contained very low concentrations of Fe, Cu, Ni and Si, which occurred in the form of 

poorly precipitated intermetallic phases. 

The prepared ingot was heat treated in Linn HT1800 in flowing argon at 480 °C for 24 hours and water 

quenched. After homogenization treatment, 8x8x45 mm cuboidal samples of were worked and one pass of 

ECAP at 290 °C was performed.  

Before observing the microstructure, the samples were metallographically prepared using the MTH APX 010 

device. Grinding was performed by means of SiC papers of grain size up to P2500. DP-Mol cloth, DP-Lubricant 

Yellow and diamond DP-spray P with a particle size of 1 µm were used for polishing. The final polishing was 

carried out on DP-Nap cloth soaked in DP-Lubricant Yellow and diamond DP-spray P with  

a particle size of 0.25 µm. The specimens were etched by means of a solution composed of 10 ml H2O, 70 ml 

ethanol, 10 ml acetic acid and 4.2 g picric acid. Grain boundaries were highlighted with a modified 

concentration of etching solution: 10 ml H2O, 100 ml ethanol, 5 ml acetic acid and 6 g picric acid. The 

microstructure of the samples was observed using an OLYMPUS GX51 inverted metallographic microscope 

equipped with a digital camera. Phase analysis was performed by a JEOL JSM-6490LV scanning electron 

microscope equipped with an EDS probe (Oxford INCA x-act energy dispersion spectral). Both microstructure 

and phase analysis were examined for as-cast, thermal treated and ECAPed conditions.  

To examine the influence of thermal and mechanical treatment on mechanical properties, Vickers 

microhardness measurement was performed using FUTURE-TECH FM-100 automatic microhardness tester 

with a control unit FM-ARS900. A total of 10 indentations with a predefined load of 50 g and a time of 10 s 

were made for each of the samples.  

Table 1 Composition of artificial plasma used as the corrosive solution 

Compound NaCl CaCl2 KCl MgSO4 NaHCO3 Na2HPO4 NaH2PO4 H2O 

(g/l) 6.80 0.20 0.40 0.10 2.20 0.126 0.026 balance 

To determine the corrosion behavior of the alloy, potentiondynamic polarization was made using a three-

electrode cell, an Autolab PGSTAT 128n apparatus and Nova 1.10 software. The surface of the specimen was 

ground with SiC papers of up to P2500 and then polarized from -1.9 V to -1.5 V with a scan rate of 1 mV/s in 

the solution of artificial plasma with composition summarized in Table . The solution temperature was 21.5 °C. 

3. RESULTS AND DISCUSSION 

3.1. Microstructural analysis 

Figure  a) shows the microstructure in the longitudinal section of the as-cast ingot. The microstructure has a 

fine-grained and relatively homogeneous character. The average grain size is around 170 ± 87 µm. The 
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intermetallic phases are distributed mainly along the grain boundaries; few of them are located inside the 

grains. Local casting defects can also be found in the structure, especially pores, oxide films, or shrinkage 

cavities.  

The microstructure in the longitudinal section of the ingot after thermal treatment is shown in Figure  b). It is 

obvious that the homogenization annealing led to the microstructure being different from that of the as-cast 

condition. After heat treatment, the microstructure shows a clearly coarse-grained character with grains 

reaching about 291 ± 64 µm in average size. Similarly, as in the as-cast condition, a considerable amount of 

porosity can be observed. Thermal treatment allowed the dissolution of some intermetallic phases located 

along the grain boundaries and their precipitation within the grains.  

During one pass of the ECAP process the grains in the microstructure were refined and also elongated in the 

direction of deformation, as it is present in Figure  c) for the longitudinal section of the sample. Shear bands, 

subgrains and new recrystallized grains that are related to dynamic recovery and dynamic recrystallization 

were also observed. The average grain size reaches 96 ± 107 µm. As Figure 1 c) shows, casting defects are 

still present and have not been eliminated by the ECAP process as expected.  

 

  

 

Figure 1 Optical micrographs of the microstructure of the samples under various conditions: a) as-cast, b) 
thermal treated, c) ECAPed 

3.2. Phase analysis 

The composition of the alloy was analyzed in as-cast and heat-treated condition and it was stated that the Mg-

0.4Ca-1.0Zn-0.8Mn alloy (in wt%) was prepared. Figure  shows the SEM microstructure of the ingot in as-cast 

and thermal treated condition with a detailed view of the intermetallic phase particles. EDS analysis of both 

a) b) 

c) 

500 μm 500 μm 

500 μm 
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conditions showed a Mn content of about 0.8 wt%. The exact composition of the phases observed in the matrix, 

which were on the bases of Mg-Ca-Zn, Mg-Ca-Zn-Mn-Ni and Mg-Ca-Zn-Mn-Ni-Si has not been determined. 

After thermal treatment, some phases dissolved and Mn was redistributed in other phases. By comparing the 

microstructures in Figure  it is evident that due to homogenization of the alloy during 24 hours of annealing, 

some phases along the grain boundaries dissolved and subsequently precipitated within the grains.  

  
a) b) 

  

    c)        d) 

Figure 2 SEM micrograph of the alloy: a) grain boundaries with precipitates in as-cast 

condition, b) details of phases precipitated in as-cast sample, c) effect of thermal treatment on 

dissolution and redistribution of precipitates, d) details of secondary phases in the thermal 

treated sample 

3.3. Microhardness measurement 

The Mg based alloy is a soft material comparing Ti or Ni alloys, so the measurement of microhardness at a 

load of 100 g was incorrect due to the formation of very large indentations upon loading. For this reason, the 

measurement at a load of 50 g was preferred.  

Table 2 Hardness values HV0.05 for samples under various  

              thermal and mechanical conditions 

Sample 
Microhardness 

HV0.05 

As-cast 52 ± 3 

Thermal treated 59 ± 5 

ECAPed 73 ± 5 

50 µm 

50 µm 
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The lowest microhardness HV0.05 was measured for the sample in the as-cast condition. Thermal treatment 

led to dissolution and/or more homogeneous distribution of precipitates which resulted in a higher 

microhardness. As expected, after ECAP, the microhardness values were the highest due to plastic 

deformation, internal stresses, and grains refinement. The microhardness values are summarized in Table .   

3.4. Corrosion behavior  

The corrosion resistance of the specimens was dependent on the thermal and mechanical conditions. The 

corrosion rate, corrosion potential, polarization resistance, and other parameters determined by the Tafel 

analysis are summarized in Table 3. 

Table 3 Measured values from Tafel analysis 

Sample 
Corrosion 
rate vcorr  

(mm/year) 

Corrosion 
potential Ecorr- 

Calc (V) 

Corrosion 
potential Ecorr - 

Obs (V) 

Corrosion 
current 

density jcorr 
(µA/cm2) 

Polarization 
resistance Rcorr 

(Ω) 

Corrosion 
current  

(µA) 

Thermal 
treated 

9.9 -1.77 -1.67 216.1 249.8 410.6 

ECAPed 6.6 -1.64 -1.65 156.5 416.9 244.1 

After thermal treatment, the sample has a higher corrosion rate of 9.9 mm/year and the most negative 

corrosion potential value of -1.67 V compared to the ECAPed sample. On the contrary, the ECAPed sample 

appears to be more resistant with a lower corrosion rate of 6.6 mm/year. It is evident that annealing is not 

sufficient to improve the corrosion resistance of the Mg-0.4Ca-1.0Zn-0.8Mn alloy and ECAP treatment is 

needed for better corrosion behavior in artificial plasma solution. 

4. CONCLUSION 

From metallographic observations, it can be concluded that the as-cast samples contained considerable 

porosity and casting defects. The occurrence of the phases based on Mg-Ca-Zn, Mg-Ca-Zn-Mn-Ni and Mg-

Ca-Zn-Mn-Ni-Si and located along the grain boundaries was determined from the phase analysis.  

After thermal treatment, the grain size increased and the intermetallic particles were dissolved and 

subsequently redistributed inside the grains. The ECAP method elongated the grains in the extrusion direction 

and affected the decrease in grain size.  

The highest microhardness values were reached for the sample after ECAP, as expected. In comparison to 

the as-cast state, after thermal treatment, the microhardness increased due to the more homogeneous 

distribution of precipitates in the grains.  

From the measurement of potentiondynamic polarization and Tafel analysis, it can be seen that the sample 

after ECAP showed the lowest corrosion rate. This proves that only heat treatment does not have a sufficient 

effect on increasing corrosion resistance. 
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Abstract 

The immiscible Cu-Fe system is often used as a base for advanced heterogeneous alloys. With a suitable 

selection of alloying elements, it is possible to alloy individual phases and therefore tailor microstructure and 

final properties of a material as needed. To prepare the mentioned multicomponent alloys, it is necessary to 

understand the effect of individual alloying elements on the microstructure and properties of the Cu-Fe system. 

Although mostly used method in production of such materials is casting, mechanical alloying appears to be a 

suitable alternative, enabling a very fine microstructure to be created.  

The following study is focused on the characterization of Cu50Fe25Cr25 and Cu50Fe25Ni25 alloys and the effect 

of the alloying elements on their microstructure. Cr and Ni were selected as a BCC and FCC phase enhancing 

elements, respectively. The alloys were prepared by mechanical alloying using high-energy ball mill, with 

subsequent densification using spark plasma sintering. The microstructure of milled powders, as well as bulk 

samples, was examined, and the evolution of the microstructure during sintering evaluated with respect to the 

alloying elements. In addition, the hardness of bulk samples was measured. During the mechanical alloying a 

complete mixing was not achieved, as the milled powders were not single phase. However, a metastable FCC 

supersaturated solid solution was formed at least partially in both alloys, further decomposing into a multiphase 

microstructure after sintering 

Keywords: Immiscible alloys, mechanical alloying, spark plasma sintering, heterogenous materials 

1. INTRODUCTION 

The elements of the Cu-Fe system are characterized by a positive enthalpy of mixing which prevents them 

from forming solid solutions neither intermetallic compounds at room temperature. The peritectic Cu-Fe binary 

diagram exhibits a metastable miscibility gap in the liquid state, suggesting that a liquid-liquid phase separation 

is inevitable to occur when an ordinary solidification method is used [1]. However, the advantages of such a 

material combining the properties of iron and copper could outweigh the difficulties connected with their 

preparation. With a suitable choice of alloying elements, a range of tailor-made microstructures could be 

developed according to various specific needs [2]. 

Although casting ranks as the most used material production method, in these circumstances it seems to be 

problematic to overcome the phase separation as the solidification proceeds on a large scale [3], as a 

sufficiently high cooling rates are necessary [4]. So far, immiscible Cu-Fe alloys were prepared utilizing for 

instance casting [5] high pressure torsion [6], gas atomization [7] or mechanical alloying [8]. Particularly 

mechanical alloying seems to be a convenient alternative, due to its ability to increase the mutual solubility of 

iron and copper, as well as create generally very fine microstructure [9, 10]. In ideal case this could be done 

by firstly creating a homogenous supersaturated solid solution during mechanical alloying, which would then 

decompose into heterogenous microstructure consisting of harder and softer domains with high interface 

density, enhancing both strength and ductility [11]. 
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Moreover, by adding alloying elements further adjustments to the microstructure can be made according to 

different preferences, therefore this study is focused on two extra alloying elements to the Cu-Fe system and 

their effect on the microstructure and phase distribution. Particularly nickel which is soluble with both iron and 

copper, and chromium soluble with iron only. Such a choice of alloying elements is interesting regarding 

different lattice, keeping in mind the Fe and Cr have both BCC lattice, whereas Cu and Ni possesses FCC 

lattice, and altering the mechanical properties by changing the percentage of original phases present. The use 

of powder metallurgy in preparation of such alloys brings extra advantages connected with the possibility to 

examine the materials during the preparation process, after mechanical alloying and after sintering, and 

therefore, obtain a better overall understanding of the material´s microstructure and properties. 

2. MATERIALS AND METHODS 

The chemical compositions of the studied immiscible alloys were Cu50Fe25Cr25 and Cu50Fe25Ni25, both prepared 

by the same process, using powder metallurgy. The purity of used elemental powders was >99.5 % for all the 

elements, with particle size <45 um. Hardened bearing stainless steel balls of 10 mm and 15 mm diameter 

were used as milling medium, in a 1:10 balls-to-powder weight ratio (BPR). The milling was performed using 

Fritsch Pulverisette 6 planetary ball mills at the speed of 240 rpm for 15 h under argon atmosphere, followed 

by a 15 min of wet milling in ethanol, in order to minimize the residual powder situated on the surfaces of milling 

balls, bowl and lid. The scheme of milling cycles was set to 30 min of milling and 30 min of pause time, in order 

to prevent undesirable temperature increase. 

Consolidation of the milled powder was performed by spark plasma sintering (SPS) using Dr. Sinter SPS 625 

machine. The process was carried out in a vacuum atmosphere and a graphite die with a 10 mm inner diameter 

was used, with a graphite paper placed between the die and the powder to provide sufficient electrical contact. 

Starting from the room temperature, the sintering scheme was set to 800 °C at a heating rate of 100 °C/min 

with a 5 min dwell time at final temperature, and the pressure was set to 50 MPa. The sample was left to cool 

down to room temperature in vacuum. The resulting bulk sample obtained is of cylindrical shape, with a 10mm 

diameter and 7 mm in thickness. 

Both powder and bulk samples were hot mounted in a polymeric resin and grinded with SiC papers up to 4000 

grit size, followed by polishing with 3 μm and 1 μm diamond paste and mechano-chemical polishing by Struers 

OP-U suspension, to prepare them for microstructural observations. 

Measurements of phase composition were performed by X-ray diffraction (XRD), Philips X´Pert Pro 

diffractometer was used Cu-Kα radiation (λ = 0.15418 nm), operated at 40 kV with a current of 30 mA. A 

continuous scanning was performed for 2θ from 20° to 100 ° by a speed of 0.011 °/min and a step size of 

0.02°. The amount of present phases was determined by the Rietveld method. 

Scanning electron microscope (SEM) characterization was performed utilizing ZEISS Ultra Plus FEG 

microscope and energy dispersive X-ray spectroscopy (EDS), Aztec, Oxford Instruments was used to measure 

the chemical composition. 

The thermal stability behavior of the milled powder was examined by differential scanning calorimetry (DSC), 

Setaram Setsys Evolution. The measurement was performed with an amount of 30 mg of loose powder 

inserted into an alumina crucible with a lid. An identical crucible used as a reference. The heating scheme was 

set to 1400 °C, starting from 100 °C, at a heating rate of 20 K/min in an argon atmosphere, in two subsequent 

cycles. 

The Vickers microhardness was measured using Qness Q10A tester with a load of 200 g and 10 s dwell time. 

The values of hardness presented are an average of 10 measurements. 

In addition, the equilibrium phase fraction of the phases was calculated by CALPHAD calculation using 

ThermoCalc software (version 2020b) with thermodynamic database TCHEA v4.1. 
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3. RESULTS AND DISCUSSION 

3.1. Powder samples 

The XRD analysis suggested that despite the positive enthalpy od mixing, at least a partial dissolution of the 

alloying elements occurred. The phase composition consisted of FCC and BCC phase. In case of Cu50Fe25Cr25, 

the amount of FCC phase was 70.6%, whereas in case of Cu50Fe25Ni25 it was 97.1% (Table 1). The reason of 

the inferior intermixing of Cu50Fe25Cr25 may be the phase strength difference of used elemental powders [12], 

which is more pronounced in Cu50Fe25Cr25, with combination of the immiscibility of Cr with Cu.  

According to EDS, the chemical composition of both mechanically alloyed powders corresponded to the 

intended one, and therefore, no extensive contamination during alloying occurred. The microstructure of 

Cu50Fe25Cr25 powder contained a notable amount of inhomogeneity composed of unmixed Cr and Fe. The 

chemical composition of the powder matrix contained slightly higher percentage of Cu and Fe, than was 

originally intended, whereas the amount of Cr was lower. The results suggested that Cr, rather than intermixing 

with Fe, stayed separated and embedded within the matrix of the solid solution, despite of their mutual 

solubility.  

The microstructure of Cu50Fe25Ni25 was more homogenous, when compared to Cu50Fe25Cr25. Only small 

amount of separated Fe-rich areas was present in the matrix. As well as Cu50Fe25Cr25 powder, the chemical 

composition of matrix contained all three elements. According to XRD and EDS results, it could be suggested 

that the matrix of both powders consisted of metastable supersaturated solid solution. 

The difference in degree of homogeneity in both samples indicated, that adding Cr as ternary alloying element 

presumably slowed down the process of forming a homogenous metastable supersaturated solid solution, due 

to the mutual immiscibility of Cr with Cu. Addition of Ni did not seem to decelerate this formation, when 

compared to times necessary for creating a single-phase metastable supersaturated solid solution of Cu-Fe 

system [13,14].  

Table 1 Amount of phases determined by XRD 

Sample 
Amount of phases (wt%) 

FCC BCC #1 BCC #2 

CuFeCr powder 70.6 29.4 - 

CuFeCr bulk 52.9 25.6 21.5 

CuFeNi powder 97.1 2.9 - 

CuFeNi bulk 83.7 16.3 - 

Yet it was interesting that in case of Cu50Fe25Cr25 the unmixed segments either contained nearly pure Cr or Fe 

with only traces of Cr (< 5 at%), whereas in case of Cu50Fe25Ni25 the unmixed Fe-rich segments contained a 

noticeable amount of Ni and Cu (up to 10 and 20 at%, respectively). This could indicate that whereas in 

Cu50Fe25Cr25, Fe and Cr were alloying individually into Cu, the co-deformation induced by mechanical alloying 

took place more thoroughly trough the Cu50Fe25Ni25 sample, primarily by alloying Fe and Ni into Cu, secondarily 

by alloying Cu and Ni into Fe. This suggested another difference in the effect of ternary alloying element. 

The DSC curves in Figure 1 further confirmed at least partial existence of a metastability in both samples. The 

exothermic peak around approximately 400 °C in both Cu50Fe25Cr25 and Cu50Fe25Ni25 corresponded to the 

decomposition of metastable FCC supersaturated solid solution. The endothermic peak in Cu50Fe25Cr25 

sample at 1100 °C represented the melting of Cu and was in accordance with the calculated equilibrium 

diagram. Despite of more phase transformations being predicted to take place by the course of the equilibrium 
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diagram, none of them were noticeable on DSC curve (Figure 1a). The probable reason was that the powders 

prepared by mechanical alloying were generally far from equilibrium state, and therefore undergo 

transformations other than those predicted by the equilibrium phase diagram. The DSC curve of Cu50Fe25Ni25 

(Figure 1b) seemed to be more in accordance with the equilibrium diagram. The small exothermic plateau 

occurring shortly after the sample was heated over 1000 °C corresponded to the crossing of solvus line and 

the two subsequent peaks indicated a ternary peritectic reaction [15]. 

  

Figure 1 DSC curves of milled powder and equilibrium phase diagrams: a) Cu50Fe25Cr25; b) Cu50Fe25Ni25 

3.2. Bulk samples 

The phase composition of the consolidated samples changed, according to XRD.  The amount of FCC phase 

dropped, suggesting that the original supersaturated solid solution decomposed during SPS. Cu50Fe25Cr25 

contained one FCC and two BCC phases (for detailed values see Table 1). This was in accordance with the 

calculated equilibrium phase diagram. The FCC phase should correspond to Cu-rich phase and the BCC 

phases to Fe-rich and Cr-rich phases. The chemical composition of the sample stayed roughly the same, 

according to EDS, although noticeable carbon peaks were detected, indicating that a slight contamination by 

C occurred during the sintering, as the process took place in a graphite die [16]. Despite XRD results, only two 

phases were observed in the microstructure, namely Cu-rich phase and a phase containing Fe and Cr in an 

equimolar proportion. The second BCC phase, identified by XRD, was not observed (Figure 2a). The reason 

for this inconsistency between the XRD analysis and bulk microstructure could not be defined based on the 

results and will be the subject of further research. A considerable quantity of very fine dark particles appeared 

mainly in (Fe, Cr)-rich phases. Although the size of the particles was below the EDS detection limit, it could be 

assumed that carbides and oxides might have been present as a result of contamination during mechanical 

alloying and sintering. This phenomenon is common in alloys prepared by powder metallurgy [17].  

Cu50Fe25Ni25 contained FCC and BCC phases (Table 1), according to XRD, which was not in agreement with 

the equilibrium phase diagram, as FCC Cu-rich, ordered FCC (L12) FeNi3 and BCC Fe-rich phase should be 

present. A very fine mixture was formed in the microstructure (Figure 2b). According to the difference in 

contrast, it could be possible that three phases were present in the microstructure, which would then 

correspond with the equilibrium phase diagram. It is therefore possible, that an overlapping of peaks occurred 

during XRD analysis, due to their suchlike position in the examined range [18,19]. Nevertheless, with respect 

to the very small size of the phases, it was not possible to verify this theory using EDS. Another explanation 
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could be that a full decomposition of the FCC supersaturated solid solution did not occur during SPS process, 

and equilibrium was not reached. Therefore, the microstructure contained BCC Fe-rich phase and a 

metastable FCC phase, consisted of Cu and Ni. The different phase contrast would be then caused by a 

different grains orientation. To solve this problem, a TEM analysis is necessary. 

 

Figure 2 Microstructures of bulk samples: a) Cu50Fe25Cr25; b) Cu50Fe25Ni25 

The Vickers hardness was evaluated to 279.3 ± 5.3 HV0.2 in Cu50Fe25Cr25 sample and the hardness of 

Cu50Fe25Ni25 was 268.2 ± 2.9 HV0.2. Cr, which should induce higher hardness of alloy in comparison with Ni, 

did not cause a significant difference in hardness. This was probably a consequence of microstructure. 

Cu50Fe25Cr25 has a coarser microstructure, where (Fe, Cr)-rich phases were embedded in Cu-rich matrix. On 

the contrary Cu50Fe25Ni25 had significantly finer microstructure, increasing its hardness.  

4. CONCLUSION 

In this paper, immiscible Cu50Fe25Cr25 and Cu50Fe25Ni25 immiscible alloys were prepared by means of powder 

metallurgy. Based on the results, the following conclusions can be drawn: 

 Alloying of Cr as a ternary element slowed down the process of mechanical alloying 

 In both samples a supersaturated solid solution was formed at least partially 

 After sintering, Cu50Fe25Cr25 microstructure was coarser in comparison with Cu50Fe25Ni25 

 The hardness of both samples did not differ significantly and was approximately 270 HV0.2 
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Abstract  

Quinoline sulfonamide complexes with different metals represent a new class of materials of great interest 

especially for their fotoluminiscent and biological activity (mostly antibacterial and antifungal activity). The 

emphasis of this work was to synthesize, characterize through X-ray and determine the antibacterial and 

antifungal proprieties of newly materials for medicinal chemistry applications based on Quinoline Sulfonamide 

Complexes Metals (QSCM). The synthesis of the QSCM materials is straight and efficient, in two steps: 

acylation of aminoquinoline followed by complexation with M2+ metal (Zn2+, Cd2+, Co2+, Cu2+). The synthesized 

quinoline sulfonamide complexes M2+ metals were characterized by X-ray diffraction on single crystal and by 

FTIR and NMR spectroscopy. The X-ray spectra prove unambiguously the structure of complexes, e.g for the 

Zn (II) complex crystallize in the monoclinic P21/n space group type, with a = 1.21602(5) nm, b = 1.55478(5) 

nm, c = 1.61786(6) nm, α = 90°, β = 106.007(2)°, γ = 90°, V = 2.9402(19) nm3 and Z = 4. Sulfonamide acts as 

bidentate ligand trough Zn-Nquinoline and Zn-Nsulfonamide bonds, with a tetrahedral coordination 

environment for Zn2+. The QSCM M2+ complexes were tested for their antibacterial and antifungal activity, 

having a good antibacterial activity against gram positive germ Staphylococcus aureus, and gram negative 

germ Escherichia coli, and an excellent antifungal activity against fungus Candida albicans.  

Keywords: X-Ray, quinoline sulfonamide complexes, M2+ transitional metals, antibacterial, antifungal 

1. INTRODUCTION 

Quinoline and its derivatives are privileged structures in medicinal chemistry, having a wide range of biological 

activities such as antimalarial, antitubercular, antiviral, antibacterial, antifungal, anticancer, etc. [1-6]. On the 

other hand sulfonamides are well known derivatives with antibacterial activity [7,8]. The merge of the two 

moieties, quinoline and sulfonamide, followed by complexation with different metals, are leading to an 

interesting new class of compounds, namely quinoline sulfonamide complexes QSCM. The QSCM derivatives 

pay a particularly attention on scientific community during the last few years, especially for their fotoluminiscent 

[9-12] and biological properties. As far for biological properties, these compounds were found to have several 

activities, these including antiprotozoals and antimalarial and also antibacterial and antifungal activity [13-15].  

In the light of the above consideration and encouraged by our recent results in the field of (di)azine with 

antimicrobial activity [4-6, 15-19], we report here the design, synthesis, X-ray characterization and antimicrobial 

activity of some hybrid quinoline - sulfonamide complexes. 

2. RESULTS AND ITS DISCUSSION  

In a preliminary communication [15] we show a straight and efficient method for synthesis of quinoline - 

sulfonamide complexes derivatives. Thus, in order to synthetise our hybrid QSCM derivatives we performed 

an initially acylation of aminoquinoline 1 with 4-chlorobenzene-1-sulfonyl chloride 2, when the key intermediary 
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N-(quinoline-8-yl)-4-chloro-benzenesulfonamide 3 is obtained. The subsequent complexation of 3 with M2+ 

metal (Zn2+, Cd2+, Co2+, Cu2+) are leading to the disered compounds, the hybrid quinoline sulfonamide 

complexes QSCM 4a-d, Figure 1. 

 

Figure 1 Reaction pathway and X-Ray structure (M2+=Zn) for QSCM M2+ complexes 

The structures of compounds were proven by elemental and spectral (IR, NMR, MS, X-Ray) analyses. Thus, 

if we consider the case of compound [Zn(N-(quinoline-8-yl)-4-chloro-benzenesulfonamide)2] 4a as 

representative for the QBCM complexes series, the X-ray structural analysis prove ambiguously the molecular 

structure (Figure 2), the main crystal data of 4a being listed in Table 1 and Table 2. The yellowish green 

crystals of the complex 4a was obtained from methanol and crystallize in the monoclinic P21/n space group 

type, with a = 1.21602(5) nm, b = 1.55478(5) nm, c = 1.61786(6) nm, α = 90°, β = 106.007(2)°, γ = 90°, V = 

2.9402(19) nm3 and Z = 4. A summary of the main crystallographic data together data collection and refinement 

details are listed in Table 1, while selected bond lengths (nm), bond angles (o) and torsion angles (o) are listed 

in Table 2. 

Table 1 Summary of crystal parameters, data collection and refinement of QBCM complex [Zn(N-

 (quinoline-8-yl)-4-chloro-benzenesulfonamide)2] 4a 

Empirical formula C30H20Cl2N4O4S2Zn 

Formula weight 700.89 

Temperature (K) 293(2) 

ρcalcg/cm3 1.583 

μ/mm‐1 4.534 

F(000) 1424.0 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection (°) 8.042 to 141.616 

Index ranges -14 ≤ h ≤ 14, -19 ≤ k ≤ 10, -19 ≤ l ≤ 16 

Reflections collected 10835 

Independent reflections 5539 [Rint = 0.0147, Rsigma = 0.0170] 

Data/restraints/parameters 5539/0/388 

Goodness-of-fit on F2 1.040 

Final R indexes (I>=2σ (I)) R1 = 0.0286, wR2 = 0.0752 

Final R indexes (all data) R1 = 0.0297, wR2 = 0.0761 

From the X-ray structure presented in Figure 2 and Table 2, we may notice that the sulfonamide acts as 

bidentate ligand with a distorted tetrahedral coordination environment for Zn2+. The Zn-ligand bonding take 

place trough Zn-Nquinoline and Zn-Nsulfonamide bonds. The Zn-Nquinoline bond lengths (0.20426 and 

0.20299 nm) are slightly larger than Zn-Nsulfonamide bonds (0.19729 and 0.19883 nm) but in an acceptable 

range as reported by other authors for similar complexes [9, 20]. The bond lengths between nitrogen and sulfur 
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atoms from sulfonamide moiety (N2-S1 = 0.15993 nm, N4-S2 = 0.15883 nm) and between nitrogen atoms 

from sulfonamide and corresponding quinoline carbon (N2-C8 = 0.1398 nm, N4-C23 = 0.1406 nm) are typical 

for these sort of bonds. 

 

Figure 2 Molecular structure of QBCM complex [Zn(N-(quinoline-8-yl)-4-chloro-benzenesulfonamide)2] 4a 

including atom numbering scheme 

The bond angles on the coordination environment of Zn2+ confirm the distorted tetrahedral coordination of 

metals, having values closely to 120o (N3-Zn-N1 and N4-Zn-N1), 127o (N2-Zn-N3 and N2-Zn-N4) and 82o (N2-

Zn-N1 and N4-Zn-N3). These situation it is also confirmed by the torsion angles on the coordination place of 

Zn2+, having values for torsion angles Zn-N-C-C closely to 180o or 0o with the exception of angles Zn-N2-C8-

C7 and Zn-N2-C8-C9 which have the values of 174.44o respectively 5.93o, Table 2. 

Table 2 Selected bond lengths (nm), bond angles (o) and torsion angles (o) for QBCM complex 4a 

Bond lengths (nm) Bond angles (o) Torsion angles (o) 

Zn-N1, 0.20426 (15) N2-Zn-N1, 82.68 (6) Zn-N1-C1-C2, 179.55 (13) 

Zn-N2, 0.19729 (15) N2-Zn-N3, 126.03 (6) Zn-N1-C9-C4, 179.22 (13) 

Zn-N3, 0.20299 (15) N2-Zn-N4, 129.47 (6) Zn-N1-C9-C8, 1.62 (18) 

Zn-N4, 0.19883 (14) N3-Zn-N1, 120.69 (6) Zn-N2-C8-C7, 174.44 (15) 

S1-N2, 0.15993 (15) N4-Zn-N1, 121.50 (6) Zn-N2-C8-C9, 5.93 (18) 

S2-N4, 0.15883 (14) N4-Zn-N3, 81.89 (6) Zn-N3-C16-C17, 179.82 (15) 

N2-C8, 0.1398 (2) - Zn-N3-C24-C19, 179.97 (14) 

N4-C23, 0.1406 (2) - Zn-N3-C24-C23, -0.6 (2) 

- - Zn-N4-C23-C22, 179.96 (16) 

- - Zn-N4-C23-C24, 2.84 (19) 
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The antimicrobial activity of QSCM M2+ complexes was evaluated against gram-positive bacteria 

Staphylococcus aureus ATCC 25923, gram-negative bacteria Escherichia coli ATCC 25922 and fungus 

Candida albicans ATCC 10231, by the Kirby-Bauer disk diffusion method [24]. Penicillin, Carbenicillin and 

Nystatin were used as positive control (C+) for S. aureus, E. coli respectively C. albicans. The obtained results 

are expressed as diameters of inhibition zones (mm), the larger the diameter of the inhibition zones is the more 

active is the compound. The QSCM M2+ complexes have a good antibacterial activity against gram positive 

germ S. aureus (in the range of 11-21 mm) and gram negative germ E. coli (in the range of 12-19 mm). Against 

fungus C. albicans the QSCM M2+ complexes have an excellent antifungal activity (in the range of 12-25 mm), 

superior to control Nystatin (18 mm). 

3.1.  Materials and Methods 

All the reagents and solvents employed were of the best grade available and were used without further 

purification. Melting points were determined using an electrothermal apparatus (MELTEMP II) and are 

uncorrected. Analytical thin-layer chromatography (TLC) was performed with commercial Merck silica gel 60 

F254 plates and visualized with UV light (λmax = 254 or 365 nm). The structure of complexes was determined 

with an Agilent SuperNova Dual single crystal diffraction instrument. The unit cell determination and data 

integration were carried out using the CrysAlis package of Oxford Diffraction [21]. The structures were solved 

by direct methods using Olex2 [21] software with the SHELXS structure solution program and refined by full-

matrix least-squares on F² with SHELXL-97 [23]. Atomic displacements for non-hydrogen atoms were refined 

using an anisotropic model. Hydrogen atoms were placed in fixed, idealized positions and refined as rigidly 

bonded to the corresponding atoms. The experimental setup procedure for synthesis of quinoline sulfonamide 

complexes as well as the detailed antimicrobial assay was described elsewhere [15]. 

3.2.  Crystal Structures Determination 

X-Ray analysis was recorded with an Agilent SuperNova Dual diffractometer equipped with a Mo/Cu (Kα 

radiation) fine-focus sealed X-ray tube and a graphite monochromator. A suitable crystal was selected and 

mounted on a hair thread and inserted into the four-circle SuperNova single crystal diffraction instrument. 

Intensity data were collected using Cu-Kα radiation (λ = 0.154184 nm), the crystal was kept at 100°K  

(-173.15 °C) during data collection. A number of 5539 reflections from a total of 10835 acquired in 

2.8345<θ<70.8363 range were used for refinement and structure solution. All H atoms were located in 

difference electron density maps and were included in idealized positions in a riding model with isotropic 

thermal parameters equal to 1.2 times those of their parent atoms. In the final cycles of refinement, least-

squares weights of the form w = 1/[σ2(Fo)2 + (0.0387P)2 +0.0691P], P = (Fo2 + 2Fc2)/3 were employed. Main 

crystallographic data together with refinement details for [Zn(N-(quinoline-8-yl)-4-chloro-

benzenesulfonamide)2] 4a are listed in Table 1 and Table 2. 

4. CONCLUSION 

We presented herein the design, synthesis, X-ray characterization and antimicrobial activity of some hybrid 

quinoline - sulfonamide complexes QSCM. The synthesis of the QSCM materials is straight and efficient, 

involving two steps, acylation followed by complexation. The structure of QSCM materials was proved by X-

ray diffraction on single crystal and by FTIR and NMR spectroscopy. The X-ray spectra prove unambiguously 

the structure of complexes, e.g for the Zn (II) complex crystallize in the monoclinic P21/n space group type, 

with a = 1.21602(5) nm, b = 1.55478(5) nm, c = 1.61786(6) nm, α = 90°, β = 106.007(2)°, γ = 90°, V = 

2.9402(19) nm3 and Z = 4. Sulfonamide acts as bidentate ligand trough Zn-Nquinoline and Zn-Nsulfonamide 

bonds, with a tetrahedral coordination environment for Zn2+. The QSCM M2+ complexes have a good 

antibacterial activity against gram positive germ S. aureus (in the range of 11-21 mm) and gram negative germ 

E. coli (in the range of 12-19 mm). Against fungus C. albicans the QSCM M2+ complexes have an excellent 

antifungal activity (in the range of 12-25 mm), superior to control Nystatin (18 mm). 
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Abstract 

Cobalt superalloys based on the Co-Al-W system are a new group of heat-resistant materials, which have 

attracted attracted the interest of researchers in 21th century. The advantage of the new materials over 

conventional cobalt alloys is the strengthening mechanism based on a microstructure of the γ-γ′ type. This 

study concerned microstructural study of the oxidation products formed on the Co-9Al-9W (at.%) alloy during 

isothermal oxidation at different temperatures. Therefore, the alloy was prepared via vacuum induction melting 

(VIM) and casting to a graphite mold. The alloy was subjected to a two-step heat treatment. In the first step, 

the alloy was annealed at 1250 °C for 16 h in a tubular furnace and are then water quenched. Afterwards, the 

ingot was annealed at 900 °C for 100 h.  

The oxidation tests were carried out on cylindrical samples, which were ground, polished and degreased. The 

oxidation oxide scale formation of the alloy was examined under isothermal conditions in the range 500-

1000 °C. The morphology of oxides was examined by scanning electron microscopy (SEM), and their 

composition was analyzed energy dispersive spectroscopy (EDS). The structures of scales formed at different 

temperatures were compared. 

Oxidation at 500 °C results in growth of monolayer scale of Co-oxides, whereas at higher temperatures, 

multilayer scales are formed. The scales usually consists of outer scale of cobalt oxides, inner oxide layers 

composed of a mixture of CoO and Co-spinels, and internal oxidation zone.  

Keywords: γ-γ′ cobalt-based superalloys, Co-Al-W superalloy, high temperature oxidation, SEM 

1. INTRODUCTION 

The γ-γ′ Co-based superalloys have begun to be extensively studied due to their promising properties and 

capability for creating beneficial microstructure. The interest of researchers from around the world is mainly 

due to high operating temperature and mechanical properties at elevated temperature, which are much higher 

compared to conventional cobalt superalloys reinforced with carbides [1]. Works related to the development 

of this group of materials are mainly focused on increasing the operating temperature and mechanical 

properties [2,3]. Oxidation resistance is one of the most important factors limiting the overall durability of high-

temperature components. The oxidation resistance of the alloys is much lower compared to that of nickel-

based superalloys [4]. The protective properties against oxidation at high temperatures depend on the scale 

structure.  

The oxide scales formed on Co-Al-W alloys at 800 and 900 °C were described by several authors [5,6]. At 

these temperatures, the alloys based on Co-Al-W system do not form continuous protective alumina scales. 

The Al2O3 oxide may be found in the internal oxidation zone in form of oxide islands within γ-Co (at 900 °C) or 

quasi-continuous alumina layer between the Al-depleted surface and the inner oxide zone (at 800 °C). The 

outer oxide zone is composed of CoO at 900 °C or a mixture of CoO and Co3O4 at lower temperatures. The 

inner oxide zone is composed of CoO and Co-Al and Co-W spinel oxides. Such structures of the oxide scales 

do not provide oxidation protection and are prone of thermal shock [4].  
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The aim of the study is characterization of the oxidation products formed on Co-9Al-9W (at%) alloy at wider 

temperature range (500-1000 °C). The study provides the missing data concerning high temperature 

degradation of Co-Al-W alloys during isothermal oxidation.  

3. MATERIALS AND METHODS 

3.1. Material 

The alloy with composition Co-9Al-9W (at%) was investigated in the study. The alloy was fabricated via 

Vacuum Induction Melting (VIM). The pure metals Al, Co, W was melted at 1600-1700 °C under vacuum (~0.13 

Pa) and casted under Ar protection to a cold graphite mold. The obtained cylindrical ingots were measured as ∅18 × 150 mm. The ingots were annealed at 1250 °C for 16 h in a tubular furnace and were then water 

quenched. The second step of the heat treatment process included annealing at 900 °C for 100 h. The ingots 

were turned using a lathe up to 15 mm in diameter.  

3.2. Characterization methods 

The cylindrical samples with a dimension of ø15 × 2 mm were electro-discharge machined from the annealed 

rods. The acquired samples were isothermally oxidized at 500-1000 °C for 100 h in a chamber furnace. After 

each oxidation test, the cross-section samples were prepared. The oxide scales were characterized using 

scanning electron microscope (SEM, Hitachi S-3400 N) equipped with an energy dispersion spectrometer 

(EDS, Thermo Noran System Seven).  

4. RESULTS AND DISCUSSION 

The SEM micrographs revealing microstructure of the oxidized scales are shown in Figure 1. The results of 

the scale thickness measurements are presented in Table 1. The results of EDS analysis in micro areas are 

shown in Table 2. The layer of oxidation products which grown on the substrate was thin and monolayer. The 

ca. 2 μm thick layer was mostly composed of Co, which implies presence of Co oxides on the surface. Below 
the oxide layer, the γ-γ′ microstructure may be seen (p. 2). The average thickness of the oxidized layer grown 

at 600 °C was over 7 μm. The outer layer (p. 8) was composed of only Co and O, similarly to oxide scale at 

500 °C. Such external layer may be formed as a result of outward diffusion of Co cations [7]. Below, an inner 

oxide layer (p. 9) O, Co, Al, and W may be observed. Between this layer and a substrate, an intermediate zone 

(p. 11) can be found. This area also contains O, however, the concentration of Al and W is substantially lower 

compared to that of inner oxide zone. Therefore, an internal oxidation zone may occur.  

The external layer of Co-oxides may be found also in the case of oxide scale formed at 700, 800, 900, and 

1000 °C. Below the external layer of alloy oxidized at 700 °C, an inner oxide zone (p. 3) is observable. This 

zone contains oxidation products, mainly oxides rich in Al and W (contents over 20 at%). The morphology of 

oxides in the inner oxide zone is similar to that of γ-γ′. Underneath, an oxide zone may be found. The 

concentration of Al and W was below 20 at%. Within this layer, some multiphase zones (p. 5), rich in Al, were 

found. Oxides of such morphology are characteristic for internal oxidation zone [4]. The inner oxide zones of 

the alloy oxidized at 800, 900, and 1000 °C are also rich in O, Co, Al, and W. However, their morphology is 

not similar to that of γ-γ′. The appearance of the inner oxidze zone suggest presence of an oxide mixture. 

Within the inner oxide zone which grown at 800 °C, a mixture of very fine oxides can be observed. However, 

at higher temperatures, a coalescence of the oxide phases may be seen. Within the inner oxide zone formed 

at 1000 °C, the characteristic zones corresponding to different oxides may be easily distinguished. The bright 

ones (p. 14) are rich in W and are corresponding to Co-W spinels (e.g. CoWO4). The gray areas (p. 15) are 

composed mostly of Co, which implies presence of CoO. The dark zones (p. 13) are rich in Al and are 

corresponding to Co-Al spinels (Co2AlO4 or CoAl2O4).  
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Figure 1 SEM micrographs of oxide scales formed on Co-9Al-9W alloy after 100 h oxidation  

at 500-1000 °C 

Table 1 Thickness of oxide scales on Co-9Al-9W alloy oxidized for 100 h at 500-1000 °C 

Scale thickness 
Oxidation temperature  

500 °C 600 °C 700 °C 800 °C 900 °C 1000 °C 

Mean thickness (μm) 1.91 7.34 16.41 78.71 127.64 281.73 

Standard deviation (μm) 0.25 0.21 0.61 5.06 5.55 7.08 

variation coefficient (%) 13.06 2.79 3.70 6.43 4.35 2.51 

Table 2 Chemical composition in micro areas (EDS) marked in Figure 1 

Point 
Oxidation temperature (°C) 

O-K Al-K Co-K W-M 

1 + 2 96.7 1.3 

2 - 9.2 81.7 9.1 

3 + 24.9 50.8 24.3 

4 + 17.6 65.3 17.1 

5 + 38.7 50.4 10.9 

6 + 13.5 66.6 19.9 

7 + 13.5 66.6 19.9 

8 + - 100 - 

9 + 23.8 53.1 23.1 

10 + 24.4 52.5 23.1 

11 + 14.1 72.1 13.8 

12 + 15.8 62.3 21.9 

13 + 35 63.3 1.7 

14 + - 51.9 48.1 

15 + 7.8 91.8 0.4 
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The presence of such phases in the inner oxide zone is consisted with thermodynamics and literature data [8]. 

Although the thickness of the oxide scales is relatively low up to 700 °C, the oxidized layer on the alloys after 

annealing at 800-1000 °C are very thick.  

Figure 2 shows internal oxidation zones formed at 800, 900, and 1000 °C. Between a substrate and an inner 

oxide zone of the alloy oxidized at 800 °C, an layer of Al2O3 can be observed. Such oxide zone act as a 

diffusion barrier, which improves oxidation resistance. However, the layer is not continuous, therefore, does 

not provide the sufficient protection [5]. Below the Al2O3, double-phase microstructure composed of gray and 

bright areas may be seen (γ/Co3W). The gray areas are corresponding to γ-Coss, whereas the bright ones are 

connected with Co3W phase. Such phases are known to occur in Co-Al-W alloys due to Al-depletion [4, 5]. In 

the oxide scale which grown at 900 °C. Al2O3 may be observed as well, but does not form any layer. Al oxides 

can be found as fine spots within γ-Co, or as elongated oxides. At 900 °C, Al-depletion and formation of γ/Co3W 

areas may be observed. The morphology of Al2O3 at 1000 °C is similar to that of 900 °C. However, no Co3W 

phases were observed in this case. The morphology of internal oxidation zone formed at 700 °C was similar 

to that of 800 °C, however, γ/Co3W areas surrounded by Al2O3 occurred only locally. 

 
Figure 2 SEM micrographs of internal oxidation zones formed at 800, 900, 1000 °C; distribution of O, Al, Co, 

and W in the oxide scale formed at 800 °C 

The oxidation products formed on Co-9Al-9W alloy at different temperatures were characterized. At 

temperatures above 500 °C, multiphase oxide scales are formed. Taking into consideration the present oxides 

and literature data, during the oxidation of Co-Al-W alloys, the following reactions may take place: 

)(2)()(2 2 sCoOgOsCo               (1) 

)(2)(3)(4 322 sOAlgOsAl              (2) 

)(2)(3)(2 32 sWOgOsW               (3) 

)()()( 43 sCoWOsWOsCoO              (4) 

)()()( 4232 sOCoAlsOAlsCoO               (5) 
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5. CONCLUSION 

Co-9Al-9W alloy does not form protective oxide scales at temperatures over 500 °C. The multilayer oxide 

scales are formed on Co-Al-W alloys after oxidation at 600 °C and higher temperatures. The composition on 

inner oxide layer in the range 600-1000 °C is similar, whereas the oxides morphology is different. Oxidation at 

lower temperatures results in finer oxides in a mixture. The formation of internal oxidation zone rich in Al oxides 

and Co3W phase was noticed at 700, 800, and 900 °C. Formation of inner alumina layer was detected only at 

800 °C. 
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Abstract  

In this article, the non-destructive testing of alnico alloys was carried out by various methods. Paper provides 

and researches about non-destructive testing (NDT) methods. The research was divided into surface and 

volumetric test material. The paper covers the review on the capabilities of NDT applications such as visual 

testing (VT), penetrate testing (PT), ultrasonic testing (UT), radiographic testing (RT) with respect to 

advantages and disadvantages of these methods. 

Keywords: Non-destructive testing, alnico alloys, visual testing, penetrate testing, ultrasonic testing 

1. INTRODUCTION 

Recent decades have resulted in an intensive increase in diagnostic tests of both electrical and mechanical 

elements of machines. For this reason, there has been a development of methods of obtaining information 

from diagnostic tests in order to assess the technical condition of the device and on this basis to enable actions 

to be taken to increase its durability, reliability and efficiency. There are many methods for evaluating materials, 

fabricated layers [1-3], joints [4,5], components, castings [6], etc. Mainly there are two types of testing: 

destructive and non-destructive. Non-destructive testing (NDT) are methods to evaluate material integrity for 

surface or internal flaws without interfering in any way with the destruction of the material or its suitability for 

service [7]. There are varieties of methods to evaluate materials and components as per their state of 

application [8]. 

NDT plays an important role not only in the quality control of the finished product but also during various stage 

of manufacturing. A better understanding of advantages and limitation of each NDT method is essential in 

ensuring the success of the evaluation. Understanding only one method may not guarantee the success in 

solving the problem [9]. In many cases, the approach to finding a defect requires more than use of a single 

NDT test method. The advantages and limitations of individual NDT methods are presented in Table 1. 

Table 1 Commonly used NDT techniques [10] 

Technique Capabilities Limitation 

Visual Inspection Macroscopic surface flaws Small flaws are difficult to detect, no subsurface flaws 

Radiography Subsurface flaws Smallest defect detectable is 2% of the thickness; radiation 
protection. No subsurface flaws not for porous materials 

Dye penetrates Surface flaws No subsurface flaws not for porous materials 

Ultrasonic Subsurface flaws Material must be good conductor of sound. 

2. MATERIALS AND RESEARCH METHOD 

AlNiCo 400 was selected for the tests. The chemical composition is presented in Table 2. 
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Table 2 Chemical composition of the AlNiCo (wt%) 

Element Al Ti Fe Co Ni Cu 

Average 17.90 0.91 35.16 26.19 15.29 4.56 

The samples were subjected to surface and volumetric non-destructive testing. First, they were tested using 

the VT method. Visual test inspection is probably the most widely used among all the NDT [11,12]. It is simple, 

easy to apply, quickly carried out, and usually low in cost. Even though a component is to be inspected using 

other NDT methods, a good visual inspection should be carried out first [13]. VT involves observing a 

component with the naked eye to evaluate the presence of surface discontinuities. VT can be assisted with 

optical instruments such as magnifying glasses, boroscopes, mirrors, and other computer equipment for 

remote viewing. If a component can be viewed, visual testing is the first method of testing in an NDT 

examination [14]. 

In the next step penetration tests (PT) were carried out. PT method is based on use of capillary properties of 

liquids (namely, on capillary penetration of special indicator liquids inside defects) [15-17]. This method reveals 

defects by forming an indication pattern on the surface of tested items. These patterns have high optical 

(luminance and color) contrast and width exceeding width of the defect opening. When performing testing a 

special wetting liquid (penetrating liquid, penetrant) is applied on the surface of the tested item. By impact of 

capillary forces this liquid fill cavity of surface defects and then it is removed from the tested area. Defects are 

detected already by applying a developer to the surface of the tested area. The developer absorbs penetrant 

remaining in cavities of defects. As a result of this process, there is either a red indication pattern appears on 

the developer's white background. 

After surface studies, volumetric studies were carried out. First ultrasonic tests (UT) were carried out. 

Ultrasonic testing uses high-frequency sound energy to perform examinations and take measurements [18-

20]. In most common UT applications, very short ultrasonic pulse-waves with center frequencies ranging from 

0.1-15 MHz, and occasionally up to 50 MHz, are transmitted into materials to detect internal flaws or to 

characterize materials. A common example is ultrasonic thickness measurement, which tests the thickness of 

the test object, for example, to monitor pipework corrosion. Ultrasonic testing can inspect for dimensional 

measurements, thickness, material characterization, flaw detection, and more. 

The phased array (PA) technique is an extension of the classic ultrasound tests, which is mainly aimed at 

increasing the speed of testing and facilitating the interpretation of indications. The key role in this ultrasound 

testing technique is played by the speed and accuracy of the defectoscope software, which must display 

a much larger amount of information compared to classic tests. In the PA technique, the head is divided into 

elementary heads, separately stimulated to vibrate, which generate the beam in a manner selected by the 

operator, thanks to which it is possible to form an ultrasound beam of the desired shape, refraction angle and 

focusing. With the help of the triggering control of the elementary heads, it is also possible to perform several 

scans with one head. Thanks to such methods of beam control, the image obtained is similar in appearance 

to medical imaging or radiographic images. 

Finally, the sample was radiographic testing (RT). RT is an extremely popular non-destructive testing 

inspection technique, thanks to its versatility in detecting a wide range of defects on multiple materials, and its 

ability to produce a permanent record of each inspection. Radiographic Testing consists of passing a beam of 

ionizing rays (X-rays or gamma rays) through a part to recover the image on a radiographic film which, after 

development, will provide a negative image of the part examined. The variation of ionizing radiation density on 

the exposed film exposes the defects. This method is widely used in industry, because the radiographic film 

generates a test document that can be archived. Radiographic testing also allows measurement of the wall 

thickness of most materials. This method is used to measure losses of thickness by corrosion and erosion. 

The presence of insulation does not limit the inspection in any way. 
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3. RESULTS 

Visual test (VT) 

Figures 1 and 2 show surface defects captured on an optical microscope at appropriate magnifications. 

a)  b)  c)  

Figure 1 The surface with the discontinuity found  

 

Figure 2 An exemplary view of the surface pore with a 3D view and a height section 

Penetration tests (PT) 

Figure 3 shows the samples (diameter 50 mm) with the developer applied, development time about 15 

minutes. Dynamics of observation of indications from the moment of drying out every 3 minutes. Figure 3c 

shows the tested detail after penetration tests, visible red markings on the surface. 

a)  b)  c)  

Figure 3 Photograph of samples after the application of the developer, a) immediately after the application, 

b) while the developer is drying - revealing discontinuities on the surface in the form of a pink color 

indication, c) sample after the development process is completed - two indications on the surface are visible 
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Ultrasonic tests (UT) 

The calibration of the device on a sample with a thickness of 11 mm is presented in Figure 4a. The material 

discontinuity during the test with the MSEB-4 double probe, occurring in the tested element with a thickness 

of 11 mm, was recorded at a depth of 5.16 mm (see Figure 4b). 

a)  b)  

Figure 4 a) Device calibration results, b) Sample test report using the MSEB-4 probe 

Examples of material discontinuities that were located in the tested material are presented in Figure 5. The 

test was carried out using the Phased Array method. 

a)  b)  

Figure 5 Sample test reports using the Phased Array probe 

4. CONCLUSION 

The armed eye examinations, i.e. macroscopic and microscopic examinations, allow the identification of details 

containing surface imperfections that were not selected during visual examinations with the naked eye. It 

should be emphasized that the use of devices that increase the imaging, e.g. a magnifier or a microscope, 
increase the accuracy and allow the indication of details that do not meet the quality requirements of the 

surfaces of the analyzed details. 

Penetrant testing requires adequate penetration and development time, a total of about 30 minutes, but we 

can 100% say that they detect material discontinuities that come out to the test surface and are easy to 

interpret. 
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The results of the ultrasonic tests with the MSEB-4 transducer give satisfactory results. There are large drops 

in the echo and the appearance of peaks before the echo of the day, which gives information about the 

indication of discontinuities. When using the Phased Array probe, the same indications are visible as with the 

previous two probes, but you can see a number of smaller indications at different depths of deposition. 

The undoubted advantage of ultrasound tests is the immediate obtaining of results. The disadvantage of these 

tests is the need to train personnel in the calibration of the device, sample searching and interpretation of test 

results, which must be performed on an ongoing basis. The test specimens must be pre-sewn so that the UT 

probe face adheres well to the test object. 

Radiographic examinations give satisfactory results, but it requires the use of appropriate equipment and time 

when creating and developing an image on the film. 
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Abstract 

During the operation of fusion devices, the plasma facing components are exposed to high thermal loads from 

the plasma resulting in mechanical stress formation, as well as to electromagnetic forces and severe particle 

fluxes. Materials used for this application have to sustain demanding operational conditions. Tungsten 

represents the material suitable for this application for its high melting point, high strength at elevated 

temperatures along with good thermal conductivity and high resistance to sputtering. High strength 

performance of the material is coupled with low ductility. Ductility and thermal conductivity of tungsten can be 

increased by introduction of copper. For these reasons, tungsten and tungsten-copper composite have been 

studied for their mechanical performance. Specimens from both materials were subjected to tensile test at high 

temperatures in the range from 300 to 600 °C. Elastic modulus along with yield and ultimate tensile strength 

were evaluated. Scanning electron microscopy was adopted to identify the character of the fracture mode. 

Typically, the tensile strength decreases as the testing temperature increases for both materials. Addition of 

copper resulted in significant increase in maximum elongation but also in the decrease of strength when 

compared to pure tungsten. Temperature related mechanical performance of the materials is discussed with 

respect to fracture morphology of the tested specimens. 

Keywords: Tungsten-based materials, tensile testing, elevated temperatures, fractographic analysis, plasma  

facing materials 

1. INTRODUCTION 

In recent decades, the development of components designed for high heat flux applications in ITER and DEMO 
has become a challenging issue. It is necessary to assure the high structural stability of the components under 
severe neutron and thermal loads along with the sufficient heat removal capability for reliable operation of a 
future fusion reactor [1]. The ability of the components to withstand severe operational conditions is limited by 
the material. 

Given that, the materials with specific performance such as high melting temperature, high sputtering 
resistance, high thermal conductivity and low neutron activation are demanded. Tungsten and tungsten-based 
materials are considered to be a prime candidate for this application. 

Pure tungsten as a body-centered cubic (BCC) material exhibits ductile-to-brittle transition. Ductile to brittle 
transition temperature (DBTT) depends on material composition and its microstructure related to processing 
method. The temperature related fracture mode of tungsten material has been studied on commercially 
available grades as well as on spark plasma sintered tungsten [2-5]. Commonly, intergranular and 
transgranular brittle fracture was recognized on fracture surfaces of specimens subjected to tensile testing at 
approx. 300 °C. Gradual increase in temperature led to the change of the fracture mode. In addition to brittle 
intergranular and transgranular cracking, the formation of ductile dimples on fracture surfaces was identified 
as well.  
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Tungsten/copper (W/Cu) composites represent a class of materials exhibiting outstanding physical properties 
given by combination of these elements. Ductility and thermal conductivity of tungsten can be increased by 
introduction of copper. An extensive study has been performed on the mechanical behaviour of tungsten-
based materials at temperatures up to 800 °C in vacuum (i.e., in fusion relevant conditions) [6]. Addition of 
copper resulted in improvement of the material ductility. The decrease in the tensile strength as the 
temperature of the exposure increases was documented. The specimen elongation reached its maximum at 
temperature of 425 °C then the mechanism of the fracture mode changes from intergranular and transgranular 
fracture of tungsten and plastic deformation of copper to predominant intergranular fracture of tungsten. Hao 
et al. [7] investigated the microstructure related ductility of tungsten/copper composites. The composites 
exhibited the maximum strength at room temperature and maximum elongation was measured at 300 °C. 
Ductility performance of the material can be improved by producing homogeneous structure of the composite.  

The intention of the presented work is to report the mechanical behavior of tungsten and tungsten/copper 
material. Tensile testing in the temperature range from 300 to 600 °C was applied to assess the influence of 
copper addition on material performance. Fractographic analysis by means of scanning electron microscope 
(SEM) is adopted to characterize the temperature related fracture morphology.  

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

Two tungsten-based materials were supplied by Plansee SE: pure W and W/Cu composite. Both materials 
were delivered in form of rods with diameter of 30 mm and length of 700 mm. The tungsten-based materials 
were produced by powder metallurgy and pure tungsten was subsequently normalized by forging. In case of 
W/Cu, the tungsten skeleton was infiltrated by copper. Additional material treatment was not performed. The 
chemical composition of both delivered materials according to the data sheets from the producer is given in 
Table 1. 

Table 1 The nominal composition of studied materials in wt%. Composition of materials guaranteed by the 

producer 

Material  W (wt%) Cu (wt%) 

W > 99.97 - 

W/Cu Balance 23±3 

From both tungsten-based materials, W and W/Cu, the specimens for the mechanical tensile test were 

machined parallel to the rod axis. Dog-bone shaped specimens with the overall length of 29 mm and gauge 

length of 10 mm having an effective cross section of 4 mm2 were produced. The specimens were cut by electric 

discharge machine and no surface treatment was adopted.  

Representative microstructure of W and W/Cu is documented in Figure 1. Figure 1a shows electron 
backscatter diffraction (EBSD) image of pure tungsten illustrating microstructure consisting of large, elongated 
grains oriented in the direction of rod axis. EBSD image of W/Cu composite is displayed in Figure 1b. Several 
grains of different scale can be recognized in the composite´s microstructure. The phase map included allows 
us to distinguish the tungsten skeleton from the pores infiltrated with copper, see Figure 1c.  

All tests were performed by means of ZwickRoell universal testing machine Z250. The tensile tests were 

conducted according to the standards ASTM A370, EN ISO 6892-2 and ASTM E21 with respect to miniaturized 

dimensions of the tested specimens. Experiments were performed at high temperatures in the range from 300 

to 600 °C. The constant strain rate of 2.5 × 10-5 s-1 was applied to determine the elastic modulus along with 

yield strength (YS) and constant strain rate of 10-3 s-1 for ultimate strength (UTS) evaluation. Specimen was 

heated up to required temperature and once stabilized, the tensile test was initiated after 45-minute hold time. 

At the onset of the tensile loading, the displacement and the strain were measured by means of the 

extensometer. Once the maximum strain range of the extensometer was reached (approx. 15%), the 
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extensometer was removed, and tensile test was driven by the displacement control at displacement rate 

corresponding to selected constant strain rate.  

(a)                                                    (b)                                                    (c) 

   

Figure 1 EBSD image of W (a), W/Cu material (b) along with the phase map included (c) 

3. RESULTS 

3.1. Tensile tests 

Engineering stress-strain curves obtained for W and W/Cu specimens subjected to tensile testing at various 

temperatures are documented in Figure 2. Characteristic tensile parameters are summarized in Table 2. 
Generally, the tensile strength decreases as the testing temperature increases. This holds true for both 

materials investigated. Strain hardening ratio is higher for W/Cu material, meaning the more pronounced 

increase of the stresses from yield strength to the ultimate tensile strength is reached. Tensile strengths at 

temperature of 300 °C are substantially higher than those at higher temperatures for both materials.  

(a)                                                                            (b) 

 

Figure 2 Tensile stress-strain curves of W (a) and W/Cu material (b) in the temperature range from 300 to 
600 °C 

The maximum strength was observed in the case of W specimen subjected to testing at the temperature of 

300 °C. This behaviour can be attributed to the insufficient temperature for thermal activation of dislocation 
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motion; thus, the higher stresses need to be applied as the driving force for dislocation mobility. W specimen 

exhibits the highest elongation when exposed to temperature of 450 °C. Young modulus (Emod) along with the 

ultimate tensile strength decreases with the temperature increase. However, the highest yield strength was 

observed at 450 °C.  

Concerning the W/Cu material, addition of copper resulted in significant increase in maximum elongation but 

also in the decrease of strength when compared to pure tungsten material. The highest specimen elongation 

is observed for the temperature of 300 °C. The elongation gradually decreases with temperature comparing to 

the pure tungsten material. Similar trend of temperature related elongation of W/Cu specimens was reported 

by Hao et al. [7]. The plot indicates that the material response at 600 °C leads to notable decrease in yield 

strength, ultimate tensile strength and Young´s modulus in comparison to lower temperatures applied.   

Table 2 Tensile properties of W and W/Cu material. Temperature related characteristic tensile parameters 

are listed for both studied materials 

Material  Temperature Emod (GPa) YS0.2% (MPa) UTS (MPa) Strain hardening ratio 

W 300 °C 365 481 631 1.31 

W 450 °C 321 525 541 1.03 

W 600 °C 320 479 496 1.04 

W/Cu 300 °C 156 298 440 1.47 

W/Cu 450 °C 160 249 360 1.45 

W/Cu 600 °C 85 170 238 1.40 

3.2. Fracture surface observation 

Fractographic analysis of the fracture surfaces of W and W/Cu materials was conducted on specimens 

exposed to tensile loading at different temperatures, see Figure 3 and Figure 4. Fracture surface of a W 

specimen exposed to 300 °C exhibits mixture of intergranular and transgranular brittle fracture.    

(a)                              (b)     (c) 

   

Figure 3 Fracture surface of W specimens exposed to tensile loading at (a) 300 °C, (b) 450 °C, (c) 600 °C 

Faceted appearance reflecting intergranular crack propagation can be identified along and at grain boundaries, 

see red arrow in Figure 3a. River lines documenting the transgranular cracking are typically notable at the 

large areas restricted by cleavage facet, see blue arrow in Figure 3a. At 450 °C, a change in material fracture 

mode was identified, see Figure 3b. In addition to river-like markings typical for transgranular cracking, 

inhomogeneous distribution of dimples formed as a result of plastic deformation can observed as well (green 
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arrow). Tear-like features (tongue features) can be recognized. Fracture surface of specimen subjected to 

tensile loading at 600 °C is documented in Figure 3c. The inspection revealed ductile dimple formation along 

with the secondary cracks developed dominantly on the oxidized grain boundaries, see yellow arrow. The 

highest elongation of the specimen subjected to testing at 450 °C can be associated with the large plastic 

deformation of the material (dimples formation), while the lack of plastic deformation due to reduced mobility 

of the dislocations at 300 °C resulted in the brittle intergranular and transgranular cracking. Premature fracture 

of a specimen exposed to 600 °C can be attributed to early necking of a specimen’s gauge section (gradual 

decrease of the stresses identified at the beginning of a tensile test) and formation of a secondary cracks and 

their subsequent coalescence.     

Representative images of the fracture surface of W/Cu specimens subjected to tensile testing at various 

temperatures are displayed in Figure 4. The fracture surface of specimen exposed to 300 °C allows us to 

clearly distinguish the copper material infiltrated in the tungsten skeleton and tungsten itself. Differences in 

their fracture modes demonstrates the material behaviour of these two phases when exposed to 300 °C. Brittle 

fracture of tungsten phase clearly dominates while plastic deformation of copper in the form of ductile dimples 

denoted by green arrows can be recognized. Intergranular cracking of tungsten phase is observed as well, 

see white arrows. Inspection of a fracture surface of specimens tested at the temperature of 450 °C and 600 °C 

revealed formation of oxide layer as documented in Figures 4b and 4c. Tensile testing at higher temperatures 

leads to development of uneven fracture surface containing valley-like features, also observed by Hao et al. 

[7], see Figure 4b. The gradual decrease in elongation of the specimens subjected to tensile testing as the 

temperature increases has been documented (see Figure 2b). This phenomenon can be attributed to 

degradation of the mechanical properties of copper [8]. Degradation of copper ductility due to intermediate 

temperature embrittlement may result in disruption of W and Cu interface, see protruding tungsten phase 

(Figure 4b, white arrows). The crack propagation via copper phase is thus bridged to intergranular fracture of 

tungsten [6,7].  Significant reduction in copper ductility in temperature interval from approx. 300 to 600 °C is 

considered to be the dominant factor for early failure of W/Cu composite [8].  

(a)                              (b)    (c) 

   

Figure 4 Fracture surface of W/Cu specimens subjected to testing at (a) 300 °C, (b) 450 °C, (c) 600 °C 

4. CONCLUSION 

Study of W and W/Cu materials under tensile loading in the temperature range from 300 to 600 °C leads to 

the following conclusions. 

 The tensile strength decreases as the testing temperature increases for both studied materials. Addition 
of copper resulted in significant increase in maximum elongation but also in the decrease of strength 

when compared to pure tungsten. 
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 Typically, mixture of intergranular and transgranular brittle cracking was identified for tungsten specimen 

exposed to 300 °C. Testing at higher temperatures resulted in formation of plastic dimples reflecting the 

ductile fracture mode.  

 Brittle fracture of tungsten phase along with the plastic deformation of copper in the form of dimples on 

fracture surface of tungsten/copper material at 300 °C can be recognized. Observation of fracture 

surface of specimens tested at the temperature of 450 °C and 600 °C revealed the oxidized uneven 

fracture morphology. Intergranular fracture of tungsten phase dominates. 
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Abstract 

The use of salt mixtures properties is considered in many future technologies, such as energy storage or 

medium for nuclear reactors. The key question is to choose a suitable construction material for these devices 

operating at high temperatures in a corrosive environment. Nickel alloys show high corrosion resistance at 

high exposure temperatures, and literary sources also describe resistance in the environment of fluoride salts. 

This work verified the corrosion behavior of two nickel alloys in molten chloride salts. Nickel-based superalloys 

Hastelloy C22 and MoNiCr were tested in a mixture of chloride salts LiCl - KCl (58.2 - 41.8 wt%). Alloys 

samples were heated in salt melts for 500 h at 440 °C in an inert atmosphere of argon. After removal, they 

were analyzed gravimetrically, the composition of the surface layers by the XPS and cross-section of samples 

using SEM. The gravimetric evaluation showed no significant changes after exposure. This was also confirmed 

by SEM and XPS results, which demonstrate the formation of very thin layers of nickel and chromium oxides 

up to 1 µm thick. 

Keywords: Nickel alloy, molten chloride salts, corrosion, nuclear reactor 

1. INTRODUCTION 

The use of nickel alloys is still increasing, mainly due to their high corrosion resistance at high temperatures. 

The alloys are also resistant to halide salt environments, and therefore the use of nickel alloys is considered 

in solar power engineering, TES (thermal energy storage), and advanced reactors IV. generation (MSR - 

Molten Salt Reactor). Fluorides, chlorides, and nitrates are particularly suitable salt mixtures for these 

technologies. The basic criteria for their selection are thermal stability, low melting point, heat capacity, and 

other physico-chemical parameters. The most frequently mentioned mixture of fluoride salts in connection with 

MSR is the binary mixture FLiBe (LiF-BeF2, 67-33 wt%) [1-3]. A mixture of chloride salts LiCl-KCl (58.2-41.8 

wt%) was used in this work. Chloride salts are more advantageous mainly due to their low cost, availability, 

and low melting point. On the other hand, the disadvantage is that chlorides can cause pitting corrosion, which 

can occur on a surface with a locally damaged passive layer. Chloride corrosion can be reduced by the use of 

high-alloy steels, by increasing the content of chromium, molybdenum or nickel, and by using high-purity salt 

mixtures. Impurities such as moisture and oxygen can significantly reduce the corrosion resistance of 

materials. In general, corrosion in halide salt melts is strongly dependent on impurity concentration, 

temperature gradient, and activity gradient [3]. 

2. EXPERIMENT DESCRIPTION 

Experimental apparatus was designed and assembled to study the corrosion resistance of materials in salt 

melt environments (Figure 1). The device allows high-temperature exposures (up to about 600 °C) with flowing 

inert gas argon and operating at a slight overpressure (in this experiment about 0.2 MPa). The main component 

is a high-temperature tubular autoclave made of AISI 304 stainless steel, with an external ceramic heating 
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system from easytherm.cz s.r.o. and lids sealed with carbon ring seal. In the lid, there is a working gas inlet 

and outlet and an inlet for a temperature sensor. Inside the autoclave, there is a compartment for test samples. 

The gas outlet and inlet routes, including valves and sampling points, were constructed from high-temperature 

and high-pressure stainless-steel connecting components. The inert gas line also included air-water cooling 

to prevent overheating of components outside the autoclave. At the end of the route, air backflow into the 

autoclave interior was prevented by a water seal, which also served as a gas flow control device. 

 
Figure 1 Scheme of experimental device for molten salts environment. 1) air-water cooling 2) high-

temperature autoclave with internal sample space 3) water seal. (P) pressure equipment: pressure relief 

valve/pressure gauge, (T) pipe tee fittings [4] 

In the autoclave part of the apparatus, samples of nickel alloys were placed in corundum crucibles with 10 g 

of the model mixture LiCl - KCl (58.2 - 41.8 wt%). The samples were exposed for 500 hours at a constant 

temperature of 440 °C and a pressure of 0.2 MPa in an inert flowing atmosphere (argon). Samples of nickel 

alloys C22 and MoNiCr measuring approximately 10 x 10 x 3 mm were wet-polished with 2500-grit abrasive 

paper before exposure, degreased in an ultrasonic bath in acetone for 15 min. Next, the samples were 
accurately measured and weighed for post-exposure gravimetric evaluation of corrosion losses. 

The C22 alloy is highly resistant to corrosion, even in solutions containing chlorides. MoNiCr alloy is the trade 

name of the Czech experimental nickel alloy of the company Skoda JS a.s., which is highly corrosion-resistant 

in fluoride salt environments and high-temperature applications. The chemical composition of the tested 

materials is shown in Table 1. 

Table 1 Composition of tested materials (wt%) [5,6] 

Alloy Cr Ni C Mn Fe Si Mo Ti Co W V S P 

C22 
20.0-
22.5 

50.0- 
63.0 

0- 
0.015 

0- 
0.5 

2.0- 
6.0 

0- 
0.08 

12.5- 
14.5 

- 
0- 
2.5 

2.5- 
3.5 

0- 
0.35 

0- 
0.02 

0- 
0.02 

MoNiCr 6.0 71.8 0.02 0.09 3.0 0.03 19.0 0.03 - - 0.01 - - 

The desired experimental temperature was achieved gradually with a temperature ramp of 5 °C per minute, 

and a constant temperature was maintained inside the autoclave for 500 hours. Inert gas flowed through the 

interior throughout the exposure of the samples. The cooling of the device was also gradual with a temperature 

ramp of 1 °C per minute. The reason is the protection of potentially different temperature-expandable oxide 

layers formed on alloy samples, which could crack due to rapid cooling. The consequence could be the 

destruction of the layers or their exfoliation, which would affect the subsequent assessment of the condition of 

the surfaces. 
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The samples were mechanically removed from the corundum cups after the exposure. Residual salts were 

removed with distilled water, cleaned with acetone, and placed under vacuum. After that, gravimetry, XPS (X-

ray photoelectron spectroscopy) analysis of the sample surface, and SEM (Scanning Electron Microscopy) 

analysis of the surfaces and cross-sections of the samples were performed. 

3. DESCRIPTION OF RESULTS 

The gravimetric evaluation did not show relevant weight changes after exposure. According to the surface 

analysis, the resulting oxide layers were very thin and therefore the mass changes of the samples were outside 

the detection limits and therefore inconclusive. The weights before and after exposure of each sample are 

shown in Table 2. 

Table 2 Weights of alloy samples (m0 - sample weights before exposure, m500 - sample weights after  

exposure, mX - weight difference) 

Material m0 (g) m500 (g) mX (g) 

C22 Sample 1 1.9626 1.9624 0.0002 

Sample 2 2.2179 2.2178 0.0001 

MoNiCr Sample 1 3.3975 3.3975 0 

Sample 2 3.2565 3.2564 0.0001 

Table 3 Results of the composition of the sample surfaces by the XPS method (GS - ground state, EXP - 

exposed state) in atomic percentages 

Alloy Cr Ni C Fe Mo O Co 

C22 
GS 11.2 39.7 28.9 1.1 12.4 3.8 3.0 

EXP 9.6 33.2 28.1 2.7 7.8 17.3 - 

MoNiCr 
GS 3.8 51.5 28.7 3.7 7.4 4.9 - 

EXP 4.3 40.8 7.5 - 8.9 33.8 - 

 

Figure 2 Example XPS spectrum of exposed sample C22 (CPS - photoemission intensity in counts  

per second) 
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The samples were analyzed by XPS without and after argon-ion sputtering. The table of results of XPS spectra 

(Table 3) shows the formation of tenuous oxides layers on the surface of exposed materials. After exposition, 

the surfaces of both materials were mainly composed of NiO oxide and Cr2O3. Fe (in the case of the C22 

sample) and Mo were also detected. Carbon monolayer (adventitious carbon) is usually found on the top layer 

of the alloy surface. This film is produced during air exposure of the samples and is also deposited from the 

residual atmosphere in vacuum chambers [7]. Example XPS spectrum of exposed sample C22 is shown in 

Figure 2. 

Analysis of the surfaces and cross-sections of the samples was performed using SEM. Analysis showed a 

very thin layer of damaged material less than 1µm for sample C22 (Figure 3) and less than 0.5 µm for sample 

MoNiCr. In the MoNiCr sample cross-sections, inhomogeneities were found below the surface of the material 

(at a depth of approximately 0.5 µm), which will be further analysed by EDS analysis (Figure 4). 

 

Figure 3 Example SEM line scan of exposed sample C22 

 

Figure 4 Cross-section of MoNiCr sample after exposure (by SEM) 
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4. CONCLUSION  

As part of the presented work, an experimental device for high-temperature testing of structural materials for 

technologies using molten salts was designed and constructed. The investigated candidate materials 

demonstrated high corrosion resistance, very thin homogeneous layers of oxides with a maximum thickness 

of 1 µm (C22 sample) and 0.5 µm (MoNiCr sample) were formed on their surface. 

The basic composition of the surface layers was determined by the XPS method, and the structure of the 

layers by the SEM method. During the XPS analysis, it was revealed that a more detailed determination of the 

composition and, above all, of the ratios of individual metal bonds in the surface layers is very complicated due 

to the overlapping of the individual measured peaks. In the next step, deconvolution of the detailed XPS spectra 

will be performed to determine the proportion of mixed metal oxides and chlorides, respectively. 

From a corrosion point of view in a LiCl-KCl salt environment under an inert gas atmosphere, the tested 

materials can be suitable construction material, however, it is necessary to verify material behaviour and 

subsurface damage after extended exposure, its durability in a radiation environment, and a salt environment 

containing impurities. Above all, the moisture in the salts and the oxygen content in the atmospheres of the 

salt installations will have a significant influence on the corrosion behaviour of the alloys. 
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Abstract 

The paper deals with the possibility of obtaining zinc from waste galvanic sludge, which arises during galvanic 
plating. Galvanic sludges, which contain significant amounts of heavy metals, form waste suitable for 
hydrometallurgical recycling. This method has already been proven as a suitable way of treating this type of 
industrial waste. The aim of the experiments is to obtain zinc by leaching several types of waste samples in 
different acids and hydroxide, at selected temperatures and time intervals. The leaching process will be 
followed by electrolysis of the leachate and recovery of the product as a secondary raw material. The practical 
part also includes chemical and material analyses of leaching products. 

Keywords: Galvanic sludge, zinc, leaching, chemical analyses 

1. INTRODUCTION 

Politics and legislation aim at a more sustainable society. The EU Waste Hierarchy sets the priorities for 

different waste treatment approaches needed to reach these goals: material recycling and energy recovery 

are preferred over final disposal [1]. 

Zinc recycling from waste materials is very important from ecological and economical point of view. Zinc is one 

of the most versatile metals, which is used for many applications, including plating and coating. The use of 

secondary resources, such as zinc waste, is a consequence of the high demand for zinc. Electroplating sludge 

is one of the rich sources of zinc [2-4]. At present, these sludges are now transported to the landfill, then 

disposed of and not used in any way. Galvanic sludge is considered to be one of the most highly toxic types 

of waste and stored mainly in sludge pits. Such practice has not any economic or environmental advantages 

[5]. 

Recycling of hot-dip galvanizing by-products allows zinc to be recovered as a metal or other compounds and 

returned to the production cycle, thereby reducing the input of primary metal and improving environmental 

protection [2]. Zinc sludge can be treated by both pyrometallurgical and hydrometallurgical methods [7,8]. 

The latter are efficient, economical, relatively clean and can be adapted on a small or medium industrial scale. 

Literature data on hydrometallurgical treatment of wastes mainly consider the leaching method in sulphuric or 

hydrochloric acid [7,9]. 

This article presents the results of preliminary studies of hydrometallurgical treatment of sludge from 

electroplating produced by industrial sources [10]. At present, this waste is disposed of domestically by zinc 

producers or sold to foreign recycling companies. The aim of the research was to find out the influence of 

sulfuric acid, hydrochloric acid and sodium hydroxide on the amount of leached metal, with intensive stirring 
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and selected temperatures. From the obtained results, it is possible to design a process for recycling zinc from 

this type of waste and its use as a secondary raw material [11-13]. 

The aim of the work is to obtain zinc from leaching of waste galvanic sludge. A partial goal is a theoretical 

analysis of hydrometallurgical processes. The practical part is focused on the treatment of samples, 

subsequent leaching of galvanic sludge in sulfuric acid, hydrochloric acid and sodium oxide, under 

predetermined conditions. The work ends with the evaluation of the conditions under which the highest zinc 

recovery is achieved after leaching of galvanic sludge. This phase is followed by further processing. 

2. HYDROMETALLURGICAL TRATMENT OF GALVANIC SLUDGE WASTE 

Waste residues can be treated mainly in two ways, pyrometallurgically and hydrometallurgically. At present, 

the hydrometallurgical method is the most common method of zinc extraction and involves leaching, 

purification and electrolysis [11-16]. 

Hydrometallurgical processes are based on the leaching of pretreated enriched ore, in order to obtain 

sulphates which are highly soluble in suitable leaching agents. The resulting products are two phases, a solid 

residue and an extract containing the metal of interest. We then obtain the metal of interest from the leachate 

through a number of processes. With a relatively rich feedstock, a number of other metals will still be present 

in the leachate, which can be further leached with leaching agents to obtain leachate and depleted leachate. 

Sludges from electroplating processes, which contain large amounts of heavy metals, are waste suitable for 

recycling. They arise during the treatment of wastewater from the operation of electroplating plants. It is a 

mixture of metal hydroxides or oxides, mainly iron, zinc, chromium and other metals. The sludge is sedimented 

in the reaction wells. After the sedimentation it is completed and pumped into the sludge lagoon. From there, 

they are drained by a sludge pump in a sludge tank. The dewatered sludge is then collected in containers. 

Hydrometallurgical methods are commonly used for sludge treatment. Acid or alkaline leaching is used to 

convert the metals of interest into leaches. Most waste materials do not dissolve in the environment or turn 

into a sparingly soluble compound. The leach is then treated by electrolysis to separate the individual metals 

[11-20]. 

3. EXPERIMENTS 

The aim of the experimental part was to verify the leaching conditions for the amount of metal of interest 

obtained. Waste sludge samples from the electroplating process were processed by drying and crushing to 

the appropriate particle size. This was followed by a leaching process, where sulfuric acid, hydrochloric acid 

and sodium hydroxide were chosen as the leaching agent for the various dilutions. 

The main part of the experimental work was to determine the most suitable conditions for obtaining the 

maximum recovery of zinc from the electroplating sludge. The samples were analysed for the content of zinc 

and other metals in the laboratories of the Faculty of Materials Technology. The input chemical analysis of the 

samples is given in Table 1. The analysis was performed on two types of samples. 

Table 1 Zinc, iron and other metals content of the input samples, measured by ED-XRF (wt%) 

Sample Zn  Fe  Mn  Cu  Cr  S  Al  

D 13.3 9 0.17 0.03 0.11 0.56 1.60 

H 12.4 2.71 0.02 0.03 0.20 0.08 - 

Waste sludge samples were pretreated by drying under normal conditions and size homogenization by grinding 

(Figure 1). 
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20% sulfuric acid, 15% hydrochloric acid and 25% sodium hydroxide were 

chosen for the hydrometallurgical leaching method. The choice of leaching 

agents should be made on the basis of knowledge from literature sources 

that deal with the leaching of waste materials. We wanted to compare the 

amount of metal obtained by changing the conditions of the leaching 

solution. Leaching solutions were prepared from concentrated acids and 

hydroxide by diluting to the desired solutions. The leaching was performed 

with sulfuric acid at 40 °C, hydrochloric acid at 25 °C and sodium hydroxide 

at 60 °C. Intensive mixing was ensured for all of them throughout the 

leaching process. Another condition in the experiments was the addition of 

an oxidizing agent in the form of H2O2 after four hours. The total leaching 

and subsequent collection time was 5 hours for acids and 4 hours for 

hydroxide. 

4. RESULTS AND DISCUSSION 

Beakers with prepared samples of 1000 ml of solution together with 250 g of weighed sample of waste galvanic 

sludge for acids, 250 g of sample for hydroxide were placed on electromagnetic stirrers. The required 

temperatures were set individually on each electromagnetic stirrer. After the specified time, the leaching 

process was completed and the leachate substance and leachate were separated by filtration. Leach was 

subjected to AAS analyses (Table 2, Figure 2). pH was measured at all leachate substance. 

Table 2 The final zinc, iron and other metals content of the leaching substance measured by AAS (mg/l) 

Sample pH Zn  Fe  Cr  Mn  Cu  Ni  

D HCl 0.39 11500 7990 243 116 21.9 6 

H HCl 0.59 31500 5970 1150 60 41.2 13 

D H2SO4 0.96 12500 8860 318 155 27.1 8 

H H2SO4 1.28 36100 6780 1100 70 45.9 13.7 

D NaOH 13.69 13200 12.2 0 0 12 6 

H NaOH 13.81 38800 5.2 - - - - 

  

Figure 2 Leachate substance after the filtration process 

Leaching residue was subjected to ED-XRF analyses (Table 3, Figure 3). The task was analyse the amount 

of zinc and iron in leach, primarily. 

Figure 1 Galvanic sludge 

samples for leaching 
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Table 3 The resulting content of zinc and iron in  

              the leaching product measured by ED-XRF 

               (wt%) 
 

Sample Zn  Fe  

D HCl 3.48 3.31 

H HCl 3.77 0.83 

D H2SO4 1.8 1.13 

H H2SO4 2.42 0.52 

D NaOH 2.45 5.92 

H NaOH 2.42 1.8 

 

Figure 3 Leaching product after the filtration 

process (sample H) 

Due to the fact that during leaching in individual solutions, iron is also leached into the leachate, which causes 

difficulties during further processing, Graph 1 and Graph 2 show the amount of iron in the leachate, to compare 

the efficiency of leaching solutions. 

 

Graph 1 Concentration of Zn and Fe in the leach substance of sample D 

 

Graph 2 Concentration of Zn and Fe in the leach substance of sample H 
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The experiments show that the use of hydrochloric acid is the least suitable and the use of sodium hydroxide 

as a leaching agent is the most suitable. When using it, most of the zinc passed into the leach, while the iron 

remained in the leach, as shown in Graph 1 and Graph 2. When using acids, both zinc and iron passed into 

the leach, which complicates the subsequent electrolysis process. 

5. CONCLUSION 

The aim of this work was to obtain zinc by hydrometallurgical method from waste galvanic sludge and find 

optimum conditions for leaching of waste galvanic sludge with high Zn and Fe content. The waste sludge 

samples were treated and leached in sulfuric, hydrochloric acid solutions and sodium hydroxide under the 

given conditions. The outputs of the leaching process product was analysed by ED-XRF and AAS. It is clear 

from the experiments that zinc is leached in both types of acids and hydroxides. However, the use of hydroxide 

as a leaching agent is most suitable for further experiments, as the presence of iron in the leachate makes 

further processing of the electrolysis difficult. 
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Abstract 

Eutectic high-entropy alloys have become a significantly studied type of material due to their combination of 

strength and ductility. However, previous research has focused primarily on manufacture, solidification 

behaviour and mechanical properties. Only a small part of the research has been devoted to welding. This 

paper is focused on evaluating the weldability of eutectic high-entropy alloy AlCoCrFeNi2.1 in the as-cast state 

without further heat treatment. The electron beam welding process was performed twice at the same 

parameters, except for the beam current. Properties such as the depth of the remelted layer, the formation of 

the heat-affected zone, and the presence of undesirable defects in the welded joints were observed using light 

and electron microscopy. At the same time, material properties in the form of microstructural stability, chemical 

composition, and hardness of the welded joints were evaluated. 

Keywords: AlCoCrFeNi2.1, electron beam welding, eutectic high-entropy alloys, microstructure 

1. INTRODUCTION 

High-entropy alloys (HEAs) have gained increased attention from the scientific community in recent years 

because of their improved selected properties compared to conventionally produced alloys. The original 

intention was to create a single-phase alloy composed of five or more elements with a predefined amount (5-

35 at%), in which intermetallic compounds would not be formed due to favourable configurational entropy. 

However, the concept has proven to be challenging, as single-phase HEAs exhibit the presence of more than 

one phase after heat treatment or mechanical stress at elevated temperatures. This fact does not have to be 

taken as negative, as the presence of another phase may, under certain conditions, mean an additional 

improvement in the properties of the material. Multiphase alloys include, but are not limited to, eutectic high-

entropy alloys (EHEAs) [1,2]. 

Eutectic high-entropy alloys are promising materials combining increased mechanical properties and sufficient 

ductility of the material. They contain primary transition metals Co, Cr, Cu, Fe, and Mn supplemented by 

additional substitution or interstitial chemical elements. In addition to the increased mechanical properties at a 

wide range of temperatures [3, 4], they are also characterized by excellent castability, which increases their 

potential in terms of future applications in industry. One of these alloys is AlCoCrFeNi2.1, whose eutectic 

consists of a lamellar structure of ductile FCC and hard B2 phases [1,2]. 

One of the other criteria to judge whether a new alloy is suitable for industrial use is weldability [5,6]. Electron 

beam welding is a progressive technology that uses a high energy density of electrons accelerated by high 

voltage. The beam power can be estimated as the product of the beam acceleration voltage and the beam 

current. The entire welding process takes place in a vacuum chamber, which ensures that the high energy 

density of the beam is maintained and at the same time prevents the chemical reaction of the welded piece 

with the atmosphere at elevated temperature. It is used primarily in industries with increased demands on the 
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homogeneity of the welded joint, mechanical properties and the absence of defects. Therefore, this method is 

also suitable for the material we have chosen [7,8]. 

The aim of the study was an evaluation of the weldability of the eutectic alloy AlCoCrFeNi2.1, using: 

 observation of macroscopic parameters such as the depth of remelting at given process parameters, 

the formation of a heat-affected zone or the presence of defects, 

 determination of the resulting microstructure and mechanical properties based on the selected welding 

parameters. 

2. MATERIALS AND RESEARCH METHODOLOGY 

The AlCoCrFeNi2.1 alloy was produced by remelting different type of alloy with the primary content of four 

basic elements Co, Cr, Fe and Ni with the highest proportion of chromium. Therefore, the other elements, 

together with the aluminium, were doped as needed. The melting took place in a miniature induction furnace 

Indutherm MC 15 under reduced pressure in a chamber filled with argon. The ideal and final composition of 

the alloy in at% are shown in Table 1. The presence of silicon in the base material is due to the remelting of 

the recycled alloy described in the previous lines. The casting resulted in a cylindrical ingot which, after 

machining, acquired a diameter of 14 mm and a height of 28 mm. 

Table 1 Comparison of the ideal and final chemical composition of the AlCoCrFeNi2.1 alloy 

Composition 
Elements (at%) 

Al Co Cr Fe Ni Si 

Ideal 16.4 16.4 16.4 16.4 34.4 - 

Final 17.6 16.5 14.7 16.6 33.6 1.2 

The main part of the experiment consisted of remelting sample using a micro electron beam welder MEBW-

60/2-E. Despite the fact that it is a remelting of the material, the term welding is also used in the following text. 

The reason is the similarity in shape with the welded joint and the associated simplification of the issue. The 

device has a fully digital control with a maximum beam power of 2 kW and an accelerating voltage of 60 kV. 

The sample manipulation has two degrees of freedom: linear movement along the vertical axis and rotation 

about the same axis. This is suitable for welding cylindrical parts similar in shape to our cast samples. The 

working pressure was better than 4  10-4 Pa during the welding process. In total, the alloy was remelted twice 

in separate circuits and the parameters are shown in Table 2.  

Table 2 Parameters of AlCoCrFeNi2.1 electron beam welding 

Process 

 label 

Parameters of welding 

Beam current 
(mA) 

Accelerating 
voltage (kV) 

Welding speed 
(mm/s) 

Focus current 
(mA) 

Heat input 
(J/mm) 

FZ 1 5 55 10 750 27.5 

FZ 2 10 55 10 750 55 

The processed sample microstructure was then observed and evaluated. The sample was cut with a 

metallographic saw and prepared by grinding and polishing processes. An etchant containing 15 ml of H2O, 4 

ml of HF, and 1 ml of HNO3 was used to etch the resulting microstructure. The sample was soaked in the 

etchant for about 5 seconds. A light microscope (Zeiss Axio Observer 7) was used to observe the macro- and 

microstructure, followed by observation and chemical analysis in an electron microscope (FEG SEM Zeiss 

Ultra Plus). Mechanical properties were verified by a Vickers hardness test (Qness Q10A) with a load of 0.2 

kg and an indentation time of 10 s. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

775 

3. RESULTS AND DISCUSSION 

The experiments in this paper were carried out to evaluate selected parameters and projected functionality of 

welded joints with materials engineering methods that include macroscopical and microscopical observation, 

hardness of fusion welded metal, and its chemical composition.  

In Figure 1, we can see the macroscopic image of the sample FZ 1 (5 mA) with the hardness measurement 

path indicated at the top of the area. The remelted area has a cross-section shape typical for e-beam welding, 

visibly surrounded by a heat-affected zone highlighted by effective etching. The width of the remelted area is 

approximately 1.6 mm wide and 1.55 mm deep. The microstructure consists of an equiaxial fine-grained 

structure leading to the centre. However, in terms of functionality, the mechanical properties of the eventual 

weld will be affected by a pore located in the centre. The presence of the defect is probably caused by the 

trapped gas from the root of the joint. After the material has been melted and partially evaporated, the 

evaporated gases in the area behind the passing electron beam escape towards the surface and at the same 

time the molten material solidifies. If the solidification rate is too high, certain gas particles do not have enough 

time to move to the surface and will remain trapped in the cooled structure of the weld. Therefore, whether a 

given defect occurs in the welded joint can be partially influenced by the process parameters which will be part 

of the future experiments. 

  

Figure 1 Welding joint FZ 1 Figure 2 Welding joint FZ 2 

The sample marked as FZ 2 (10 mA) with a marked hardness measurement path is shown in Figure 2. It is 

clear from the figure that remelted area has a similar shape as the previous sample, together with a heat-

affected zone and a fine-grained structure facing the centre of the weld. However, the upper part of the weld 

joint is visibly formed by dendrites similar to the base material. Due to the higher power of the beam, a welded 
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joint was formed with a width in the upper area of 1.8 mm and a depth of the remelted layer of 3.9 mm. The 

measured geometric dimensions and the size of the heat-affected zone FZ 1 and FZ 2 therefore prove a 

nonlinear dependence between the welding parameters and the dimensions of the welded joint. At the same 

time, it can be stated that the high-entropy alloy proved from a macroscopic point of view a good degree of 

weldability and the correctness of selected parameters in the case of the welded joint FZ 2. 

The next step was electron microscope observation and subsequent chemical analysis, to which selected 

areas of the weld FZ 1 (Figure 3) and FZ 2 (Figure 4) were subjected. The analysis confirmed the presence 

of a dual-phase dendritic structure, where one phase contains an increased amount of chemical elements Al 

and Ni, and the other phase has an increased amount of Co, Cr, Fe and Ni. At the same time, the presence of 

Si was detected evenly distributed on the entire surface of the studied area. Its presence has already been 

confirmed in a previous chemical analysis of the base material. The influence of silicon on the weldability of a 

given alloy has not been investigated due to the broad scope of the topic. However, due to its widespread use 

in metallurgy and its likely presence in remelted materials used for casting high-entropy alloys, it opens up a 

new area for future research. 

  

Figure 3 Chemical analysis of sample FZ 1 Figure 4 Chemical analysis of sample FZ 2 

Subsequent point analysis performed at several places of both mentioned phases not only confirmed the 

presence of elements, but also quantified their amount in at%. Individual values of representation in FZ 1 and 

FZ 2 are written as average values of several experimental measurements (Table 3). 

Table 3 Chemical composition of the phases present in the weld 

Chemical  

elements 

Phase 1 (Al, Ni rich) Phase 2 (Co, Cr, Fe, Ni rich) 

FZ 1 (at%) FZ 2 (at%) FZ 1 (at%) FZ 2 (at%) 

Al  21.7 21.8 11.1 11.6 

Co 15.7 15.6 18.4 18.4 

Cr 11.8 11.5 18.2 17.8 

Fe 14.7 14.5 20.0 19.6 

Ni 35.0 35.5 31.1 31.4 

Si 1.1 1.1 1.2 1.2 
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Overall chemical analysis shows that the AlCoCrFeNi2.1 alloy meets the conditions for good weldability. The 

microstructure of both welded joints consists primarily of two phases with a maximum difference of 0.5 at% in 

case of identical phases. At the same time, compared to the base material, there was no visible precipitation 

of the chromium-based phase due to the rapid cooling of the remelted material. 

The last part of the experiment was to verify the hardness of both welded surfaces (FZ 1 and FZ 2) and the 

base material (BM). The hardness was measured at the top, middle, and bottom of the welds to ensure 

sufficient data and verification of hardness throughout the remelting depth. However, due to the fact that the 

measured areas do not differ significantly from each other, the resulting plot (Figure 5) includes values from 

the top of the remelted areas for better clarity. The individual measurement paths are indicated in Figure 1 

and Figure 2. 

Figure 5 Hardness values of the base materials and the fusion zone 

It is clear from the stated values that in both cases of remelting the hardness of the material increased. This 

fact confirms the appearance of fine-grained microstructure inside of welded joints. For a closer comparison, 

weld FZ 1 has the highest measured hardness values. Regarding the presence of the heat affected zone, the 

hardness values do not indicate a significant increase in the hardness of the material compared to the base 

material.  

Because the hardness of the welded joints is compared with the hardness of the base material, it is necessary 

to verify whether the values obtained are close to the eutectic high-entropy alloys used in previous 

experiments. In [9], Wang et al. produced an alloy of AlCoCrFeNi2.1 and improved the mechanical properties 

through a friction stir processing. The hardness values of the cast and treated material ranged from 300 HV0.2 

to 450 HV0.2, which confirms the correctness of the measured values in our case. 

4. CONCLUSION 

The weldability of the eutectic high-entropy alloy AlCoCrFeNi2.1 was evaluated using electron beam welding 

equipment and the functionality of the possible joint was verified using materials engineering methods with the 
following findings: 

 The FZ 1 sample contains a defect in the form of a leaking gas pore. 

 The microstructure of welded joints consists of two phases in the form of fine-grained particles. 

 Remelted areas have higher hardness values HV0.2 compared to the base material. 

 The hardness of the heat-affected zone does not differ significantly from the hardness values of the 

base material. 
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It follows from the above that the eutectic alloy AlCoCrFeNi2.1 can be evaluated as suitable for electron beam 

welding purposes. The sample FZ 2 does not contain defects and, at the same time, consists of a two-phase 

fine-grained structure. It thus confirms appropriately selected parameters and technological properties of the 

material. In the case of the FZ 1 sample, its functionality is limited by the pore contained in the remelted 

material. However, this fact can be partially conditioned by parameters selection, and therefore, it is necessary 

to verify the fact in the following tests. 
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Abstract  

Titanium and titanium alloys have been widely used in medicine as implant materials for the last 50 years. The 

reason for this could be found in a unique combination of biocompatibility and strength of these alloys. The 

main advantage of titanium is the ability to bind to bone and grow into the implant. Due to the high cost of 

production, titanium is not used in large quantities, and therefore research are focused on finding new, more 

economical alloys. For these reasons, the aim of this paper is to analyze the effect of powder metallurgy 

process parameters in the production of titanium alloy containing 20% zirconium. Starting elemental powders 

were a ball milled and then compacted using the hydraulic press. Sintering process was performed under the 

different values of time and temperature. Starting powders were characterized using the scanning electron 

microscope. Porosity was analyzed using the light microscope. It was found that it could be decreased by 

increase in sintering temperature. Microhardness of polished sintered samples was determined by Vickers 

method. Results showed that higher microhardness values were obtained in samples sintered at higher 

temperature. Finally, results show that titanium-zirconium alloy produced by this route of powder metallurgy 

could be potentially used in a biomedicine.   

Keywords: Titanium-zirconium alloy, powder metallurgy, biomedical materials, microhardness 

1. INTRODUCTION 

As human life expectancy increases with age, the need for biomaterials, which in certain medical indications 

can improve the quality of life and/or prolong it, increases. Therefore, the development of new biomaterials is 

an increasingly important topic from a research point of view [1,2]. Biomaterials are commonly used as implants 

in the human body as a replacement for their lost or diseased biological structures [3,4]. Titanium alloys that 

include elements such as niobium (Nb), tantalum (Ta), zirconium (Zr), molybdenum (Mo) and palladium (Pd), 

elements that are non-toxic, are also being studied for their mechanical strength and good biocompatibility. 

Alloys with zirconium (Zr) are characterized by good corrosion resistance, good mechanical strength, and the 

biocompatibility of these alloys is better than that of Ti CP [5]. Problems related to casting as well as the high 

cost of the final products are the reasons why titanium alloys are not widely used [6,7]. In this sense, powder 

metallurgy technology has proven to be a successful alternative for the production of titanium alloys and final 

products [8,9]. The aim of the research is to analyze the effect of time and temperature of sintering on the 

Vickers microhardness of titanium alloy with the addition of 20 at% zirconium for potential use in a dental 

medicine. 
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2. MATERIALS AND METHODS 

Chemical composition of investigated alloy is: 80 at% of titanium and 20 at% of zirconium (Ti-20Zr). The 

reasons why in this research zirconium was chosen as an element for adding to titanium are as follows: 
zirconium poses similar chemical properties that are derived from the same group of the periodic table as 
titanium; it is completely soluble in both (alpha and beta) allotropic Ti-phases; it lowers the alloy melting point 
and reduces the titanium reactivity with oxygen; due to the similar size of the Ti and Zr atoms, effect of solution 
hardening is minimized. Finally, zirconium can improve some properties of Ti-alloys that are crucial for 

biomedical use, such as: biocompatibility and corrosion resistance [10-12]. 

Ti-20Zr alloy was produced by powder metallurgy technology. Characteristics of used starting powdersare 
listed in Table 1.  

Table 1 Characteristics of starting powders 

Material Purity (%) Particle size (μm) Density (g/cm3) 

Ti powder 99.8 125-250 4.51 

Zr powder 99.8 <45 6.49 

After the weighing of titanium and zirconium powders, their mixing and milling was carried out in a ball mill for 
a period of 30 minutes at room temperature. Grinding jar was made of hard metal as well as balls. Ball-to-

powder ratio was 10:1 and rotation rate was 200 rpm. To prevent the oxidation of powders the inert atmosphere 

of argon was used. No lubricant was added. 

The compaction of the powders was carried out by uniaxial pressing on a hydraulic press. Four disc-shaped 

samples were obtained by applying the same compacting pressure of 80 MPa. Samples were then sintered 
under different processing parameters, listed in Table 2. 

Table 2 Processing parameters 

Sample No. Temperature of sintering (C) Time of sintering (h) 

1 1100 2 

2 1350 2 

3 1100 4 

4 1350 4 

Sintering of Ti-20Zr alloy samples, a four green compacts, was performed in a tube furnace in an argon 
atmosphere. The sintering process was realized through three phases: first, samples were heated at rate of 
10 °C/min to sintering temperature; then they were sintered according to data in Table 2 and finally, the 
samples were cooled to the room temperature in a furnace to prevent oxidation in air. After metallographic 

preparation by mounting, grinding and polishing, samples were observed using the light microscope and digital 
camera in order to analyze the porosity. Microhardnessof the samples after sintering was determined on 
polished samples by the Vickers method. Indentation was realized by force of 0.490 N (HV0.05) during the 10 
s. Diagonals of imprints were measured at the microscope. Measurements were performed on each sample 
at 5 different spots, after which the mean value was calculated. 

3. RESULTS AND DISCUSSION 

In order to determine the effect of time and temperature of sintering on the microhardness of titanium-zirconium 
alloy Ti-20Zr, first starting powders were characterized using the scanning electron microscope. As it can be 
seen in Figure 1, titanium powder particle shape is spherical (Figure 1a) while powder particles of zirconium 

are of irregular and angular shape (Figure 1b). 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

781 

      

Figure 1 SEM images of starting powders: a) titanium and b) zirconium 

The porosity of the sintered and polished samples was observed using a light microscope and recorded with 
a digital camera. The taken images are shown in Figure 2. It can be seen darkareas that represent the pores 

that are placed along the grain boundaries. In samples 1 and 3, sintered at a lower temperature (1100 C), 
pores are in an irregular form andalso interconnected which may be the result of poor densification throughout 
the sintering. As a result, the interparticle boundaries are still clearly visible. This means that most of the 
thermodynamic energy of the system was spent on diffusion and homogenization of the chemical composition 

instead of densification. In samples 2 and 4, sintered at a higher temperature (1350 C) there are spheroidized 
pores present indicating that higher sintering temperature is favourably to reach the minimal porosity. 
Furthermore, Figure 2d shows disconnected and spheroidized pores implying that the higher temperature as 
well as longer time of sintering are necessary to the last stage of sintering be finished.  

 
a) Sample 1, sintered at 1100 C for 2 h 

 
b) Sample 2, sintered at 1350 C for 2 h 

 
c) Sample 3, sintered at 1100 C for 4 h 

 
d) Sample 4, sintered at 1350 C for 4h 

Figure 2 Pores in sintered samples 
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If we consider the amount of pores in relation to the applied compacting pressure, Figure 2 implies that the 

pressure during the compaction could be higher in order to achieve degree of porosity as low as possible, i.e. 

a higher density of the powder mixture. 

It is known that the hardness can be affected by the presence of oxides and contamination of the powder by 

grinding balls. Also, hardness can be influenced by the high porosity and the hardness measurement method 

used. Since no chemical analysis was performed, in this work microhardness was determined. The results of 

Vickers microhardness determination are given as mean values and are shown in Figure 3.  

 

Figure 3 Dependence of microhardness on sintering temperature 

Obtained mean values are between318 and 494 HV0.05. It is evidentin Figure 3 that the HV0.05 values are 

lower for the samples sintered at a lower temperature (1 and 3) and accordingly higher for samples sintered 

at higher temperature (2 and 4). This is in line with the fact that as the sintering temperature increases, the 

microhardness increases. Namely, sintering at higher temperatures encourages additional binding of particles 

and more complete alloying due to higher diffusion and mass transfer rates. 

 

Figure 4 Dependence of microhardness on sintering time 
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Dependence of microhardness on the sintering time is graphically consider by Figure 4. In order to evaluate 

the influence of the sintering time on the microhardness, HV0.05 values for samples 1 and 3 were compared. 

Thus it can be observed thatsample 3 that was sintered for a longer time than sample 1, shows a higher value 

ofmicrohardness. Similarly, sample 4 was sintered for a longer time than a sample 2 and therefore shows 

higher microhardnes value. This behavior can be related to the fact that a longer sintering time ensures a more 

complete interparticle connection, i.e. alloying, which highlights the influence of the alloying element zirconium 

on the basic element titanium. Therefore, this increase in microhardness can be explained as hardening by 

the formation of a β(Ti,Zr) solid solution. Regarding the time and temperature of sintering effect on the 

microhardness values, it is obvious that temperature is a predominant factor for microhardness rather than 

time of sintering. 

When pores presence and morphology are analyzed, it can be seen that they are the most interconnected just 

in sample 3, while in sample 4 they are spheroidized. Therefore, it is expected that sample 4 sintered at higher 

temperature for a longer time shows the highest microhardness value. 

4. CONCLUSION 

This paper presents the analysis of the sintering time and temperature effect on the hardness of Ti-20Zr alloy 

for potential use in biomedicine. From the obtained results it can be concluded that porosity can be reduced 

by sintering at a higher temperature as well as by applying the higher compacting pressure. Furthermore, 

simultaneously increase in time and temperature of sintering leads to the decrease of porosity as well as to 

the increase of microhardness. Still, this values are in the acceptable range for biomedical applications 

implying that processing parameters of powder metallurgy applied in this work can result in potentially 

biomedical titanium-zirconium alloy. 
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Abstract 

This paper deals with approximate physical modelling of aluminum melt degassing, performed under low-

pressure die casting conditions of aluminum castings. The modelling took place on an aquatic physical model 

on a 1:1 scale to the operating conditions, constructed in the laboratories of ITB in ČB. Tested parameters 

were defined based on operating conditions (rotation speed and inert gas flow). Various combinations of these 

parameters created 20 tested variants, including the current set of parameters used in operating conditions. 

The effects of the tested parameters were determined using the results of measurement. Increasing the 

rotation speed and the inert gas flow accelerates gas removal from the model liquid. It will be possible to further 

use this knowledge in refining technology optimization in the low-pressure aluminum die casting.  

Keywords: Physical modelling, aluminum, refinement process, FDU, low pressure die casting 

1. INTRODUCTION 

Aluminum alloys contain a number of impurities with negative impact on aluminum castings properties. 

Regarding the relevant phases; we can mention, in particular, hydrogen and non-metallic inclusions.  Humidity 

contained in batch raw materials and in other materials, which come into contact with the melt, is usually the 

hydrogen source [1,2]. In order to remove the impurities, a refinement process is included in the aluminum 

castings production technology. Refining the aluminum melt on a FDU device (Foundry Degassing Unit) is 

a standard part of the aluminum castings production. The FDU technology principle lies in blowing of inert gas 

into which diffuses hydrogen from an aluminum melt [2]. The inert gas is supplied via a rotor which divides it 

into tiny bubbles. Simultaneously, undesirable inclusions are removed by refining salts. The aluminum melt 

refinement process on a FDU device is shown on Figure 1. 

   

Figure 1 Principle of the FDU device [3] Figure 2 FDU device for low-pressure die casting 
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There exist many studies dealing with the aluminum melt issue [4-13]. However, the relevant issue is still 

topical, since every company producing aluminum castings is characterised by specific conditions and the 

research specialization has to be adjusted to the relevant conditions.  

The study is a part of a research project that deals with the refining technologies research and development, 

the purpose of which is to increase the quality of aluminum alloys intended for heavy duty castings, 

manufactured by the MOTOR JIKOV Slévárna a.s. die casting foundry. The project subject is development 

and innovation of production technology and aluminum alloys refinement [14,15]. The aluminum melt 

refinement is realized through two FDU devices for high-pressure and low-pressure casting.  The FDU device 

for low-pressure casting is shown on Figure 2. Operating experiments and physical modelling together with 

operating verification are used for complex production technologies development.  

The presented paper focuses on physical modelling of refinement on a FDU device at low-pressure casting 

conditions. Its goal is comparison of aluminum melt refinement on a FDU device at various settings of the 

operating conditions. The research took place in the ITB in ČB, Environmental research centre laboratories, 

using an aquatic physical model.  The physical modelling purpose was simulation of the relevant process to 

such an extent when it would be possible to assess its intensity and then apply the obtained knowledge in 

operating conditions. Experiments with various settings of the selected parameters which also included the 

standard variant used in operating conditions were realized for this purpose. An optimized combination of the 

studied parameters for testing in operating conditions will be designed on the basis of the results obtained.  

2.  DESCRIPTION OF PHYSICAL MODEL AND EXPERIMENTAL METHODOLOGY 

An aquatic physical model of a refinement facility shown on Figure 3 has been constructed for the purposes 

of an aluminum alloy degassing physical modelling. The physical model was constructed according to the FDU 

facility used by the MOTOR JIKOV Slévárna a.s. The basic components of the system are a Plexiglas vessel 

(a refining ladle model), a graphite rotor, a baffle and optical probes for measuring of oxygen concentration in 

water. The rotor is driven by an electrical motor with speed control. In order to maintain the geometrical 

similarity of the FDU facility and the model, the model vessel was manufactured on the 1:1 scale to the refining 

ladle. 

  

 

 

Figure 3 Illustration of a physical model and base dimensions  

of the model assembly 

Figure 4 Impeller design 

The physical modelling principle was capturing of the melt degassing intensity and analysing of the harmful 

gas content decrease at various parameters change at laboratory conditions.  It was necessary to decide on 

an appropriate methodology for this purpose, which would ensure maintaining of the FDU facility dynamical 

similarity to the model. Therefore, the alloy melt was replaced by water and the removed hydrogen by oxygen. 

For illustration, basic properties of the aluminum alloy and of the model media are given in Table 1. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

787 

Table 1 Properties of molten aluminum and model media 

Parameter Aluminum Water Oxygen 

Temperature (°C) 750 20 20 

Density (kg∙m-3) 2.345 998.2 1.299 

Dynamic viscosity (kg∙m-1∙s-1) 1.200∙10-3 1.003∙10-3 0.019∙10-3 

Kinematic viscosity (m2∙s-1) 0.51∙10-6 1.01∙10-6 14.77∙10-6 

Table 2 specifies the operating conditions of aluminum melt refinement which served as a basis for 

determination of physical modelling conditions for the examined rotor type. The parameters proper and 

individual experiments conditions on the FDU device physical model have been designed in cooperation with 

the MOTOR JIKOV Slévárna a.s. die casting foundry technologists. Below are specified the basic parameters taken 

into consideration at defining the modelled variants: rotor type, working height, baffles number, speed (rpm), inert 

gas flow rate (Ar). Based on the relevant conditions laboratory experiments on a physical model were defined 

and realized. 

Table 2 Comparison of operating conditions with the physical model 

Within the presented research, attention was focused on specification of individual process parameters 

influence on the intensity of oxygen removal from water. The rotor shown on Figure 4, which is standardly 

used in operating conditions of aluminum alloys low-pressure casting, has been selected for the relevant 

purpose. The rotor efficiency was verified at various setting of the parameters; therefore, experiments variants 

with various rotation frequency and various inert gas flow were defined. In order to verify the relevant 

parameters influence on the degasification intensity, 20 variants of experiments have been realized for every 

rotor type. Their parameters are presented in Table 3. 

Table 3 Settings of modelled variants (working height: 160 mm, baffles: 1 pc) 

Rotation frequency 
(rpm) 

300 325 350 375 

Argon flow rate 
(Nl∙min-1) 

13 15 17 19 21 13 15 17 19 21 13 15 17 19 21 13 15 17 19 21 

3.  RESULTS AND DISCUSSION 

For the purpose of illustration regarding the course, efficiency and characters of events, Figure 5 gives 

examples of concentration curves measured on the FDU device physical model at the speed and gas flow rate 

change according to the designed variants, specified in Table 3. The curves show clearly the degasification 

course and the total refinement time. The total refinement time has been specified for the physical modelling 

purposes as the time which is required for reaching the concentration of 0.5 ppm of oxygen in water. 

Based on the data measured, it can be stated in general that with the increasing speed (rpm), the process of 

oxygen concentration decrease in water accelerates. A similar conclusion can be noted also with regard to the 

Parameter Operating conditions Physical model 

Working height of impeller (mm) 160 160 

Number of baffles (pc) 1 1 

Refinement time (s) 180 180 

Rotation frequency (rpm) 350 325 to 400 

Inert gas type (-) Nitrogen Argon 

Inert gas flow rate (Nl·min-1) 17 13 to 19 
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argon flow rate. With the increasing argon flow rate, the oxygen is removed from water faster.  However, there 

exist exceptions in the form of variants with 375 rpm. The graphs on Figure 5 show clearly significant extension 

of the total refinement time, since at a certain phase of the process when the oxygen level in water decreased 

under ca 0.6 ppm, the speed of oxygen removal from water decreased. The relevant phenomenon occurrence 

will be verified in operating conditions in the next stages of the research. 

  
a) Gas flow rate: 15 Nl·min-1 b) Gas flow rate: 17 Nl·min-1 

 
c) Gas flow rate: 19 Nl·min-1 

Figure 5 Oxygen concentration change at various argon flow rate and various speed 

Besides graphic processing of the oxygen concentration decrease course during refinement by inert gas 

supplied via a rotor, video sequences and photographs were taken within the experiment course, documenting 

liquid flowing and distribution of developing bubbles of blown argon for individual variants.  

   
a) Parameters: 15 Nl·min-1, 350 rpm b) Parameters: 17 Nl·min-1, 350 rpm c) Parameters: 19 Nl·min-1, 350 rpm 

   

d) Parameters: 15 Nl·min-1, 400 rpm e) Parameters: 17 Nl·min-1, 400 rpm f) Parameters: 19 Nl·min-1, 400 rpm 

Figure 6 Visualization of internal flow and distribution of argon bubbles 
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Figure 6 shows examples of photographs depicting the character of internal flow at the change of speed and 

argon flow. 

General comparison and evaluation of all measured variants was carried out on the basis of the measured 

data. Since aluminum melt refinement takes 180 s in the operating conditions, the oxygen concentration value 

in water after 180 s of degasification was evaluated also in the case of physical modelling. However, the 

relevant values did not serve for derivation of hydrogen content in an aluminum melt in operating conditions; 

they served only for specification of trend dependencies of oxygen concentration in water on individual 

parameters and for designing of those variants which will be tested in low-pressure casting conditions.    

Figure 7 specifies quantitative efficiencies of individual variants for low-pressure casting according to the time 

of oxygen concentration decrease after 180 s of the degasification process. The graph distinguishes variants 

by color according to the speed (rpm) and, simultaneously, inside the columns it specifies the flow rate of argon 

defined for the relevant experiment. To provide a better overview, the variants were arranged according to the 

achieved oxygen concentrations after 180 s of the degasification process, from the lowest (the most efficient) 

to the highest (the least efficient). The graphs on Figure 5 and Figure 7 show clearly that with a few 

exceptions, after 180 s of the refinement process, lower oxygen concentrations were achieved at higher speed 

and higher argon flow rates. The lowest oxygen concentration in water, 1.64 ppm, achieved variant ① with 

the speed of 375 rpm and argon flow rate of 21 Nl∙min-1. On the other hand, variant ⑳ with 300 rpm and argon 

flow rate of 19 Nl∙min-1 achieved the highest concentration of 4.72 ppm. 

 

Figure 7 Oxygen concentration in water after 180 s of the refinement process 

Also the existing operation variant ⑧ with the parameters 350 rpm, 17 Nl∙min-1 was modelled within the 

experiments. After 180 s, it achieved oxygen concentration of 2.33 ppm. Figure 7 then shows that it would be 

possible to intensify the process by one operating parameter change. E.g., at maintaining the argon flow rate 

of 17 Nl∙min-1 and speed increase to 375 rpm, after 180 s the oxygen concentration decreases to 1.95 ppm → 

variant ③. At maintaining the speed of 350 rpm and argon flow rate increase to19 Nl∙min-1 the achieved oxygen 

concentration dropped to 2.27 ppm → variant ⑥. The above specified shows clearly that the speed change 

has a more significant influence on the examined process than the argon flow rate change. This effect could 

have a positive influence in operating conditions as well. However, it is necessary to take into account also the 

negative impact of increased speed on the graphite components and on the process economy. Variants ③ 

and ⑥ will be further recommended for testing at operating conditions.  

4.  CONSCLUSIONS 

This article deals with physical modelling of aluminum melt refinement on a FDU device, realized in laboratory 

conditions of the ITB in ČB. Crucial process parameters (speed, inert gas flow rate) have been selected in 
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cooperation with the operating partner; 20 variants tested on a physical model were selected on their basis. 

The experiments were realized with the use of a standard graphite rotor which serves in operating conditions. 

The following results can be specified on the basis of the physical modelling results: 

 With increased speed and increased inert gas flow rate, the oxygen removal from water was faster in 

most of the variants. In case of variants with 375 rpm, after having achieved a certain oxygen 

concentration in water, ca 0.6 ppm, further concentration decrease slowed down significantly. 

 Photographs were taken which document liquid flowing and the amount and distribution of argon 

bubbles in a ladle at various conditions setting. 

 The operating variant ⑧ with 350 rpm and 17 Nl∙min-1, was tested within the modelling; after 180 s of 

degasification, it reached 2.33 ppm of oxygen in water. 

 Other variants have been selected on the basis of the operating variant ⑧. Changing one process 

parameter achieved higher reduction of oxygen amount in water. Variant ③ worked with 375 rpm and 

argon flow rate of 17 Nl∙min-1. In case of this variant, after 180 s of degasification oxygen concentration 

achieved 1.95 ppm of oxygen. Next was variant ⑥ with 350 rpm and 19 Nl∙min-1, where after 180 s of 

degasification the oxygen concentration achieved 2.27 ppm. 

In connection with the research related to physical modelling, operating tests will be carried out; their task will 

be to confirm the conclusions obtained through the physical model.  The above mentioned variants ③ and ⑥ 

will be tested under operating conditions of low-pressure casting and, in case of good results, they will be 

implemented into standard technology applied in the MOTOR JIKOV Slévárna a.s. 
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Abstract  

The AlSi9Cu3 alloy, conventionally produced by High-Pressure Die Casting (HPDC), is extensively used in the 

automotive industry for its high specific strength, good heat and electric conductivity. There is currently an 

effort to produce this alloy using selective laser melting technology (SLM) due to design possibilities such as 

producing geometrically complex and lightweight products. However, the performance of SLM parts is highly 

dependent on its process parameters. The main aim of this research is to optimize the SLM process 

parameters of the AlSi9Cu3 alloy to achieve high mechanical performance. The tested process parameters 

were laser speed and hatch distance in the range of 1200-1500 mm·s⁻¹ and 120-170 µm, respectively. The 

process parameters selection was performed based on a low porosity level. According to our study, the suitable 

combination of process parameters is laser power of 350 W, layer thickness of 50 µm, scanning speed of 1400 

mm·s⁻¹ and hatch distance of 120 µm. Mechanical properties of SLM samples were compared with cast alloy 

according to the European Standard (EN 1706:2010). In this paper, the AlSi9Cu3 alloy produced by the SLM 

process outperformed the mechanical performance of the conventionally cast alloy in 0.2% proof stress 

(271 ± 1.7 MPa compared to 160 MPa), ultimate tensile strength (494 ± 2.6 MPa compared to 220 MPa), and 

elongation at break (5.6 ± 0.2 % compared to 1.5 %). 

Keywords: AlSi9Cu3 alloy, selective laser melting, porosity, mechanical properties 

1. INTRODUCTION 

Additive manufacturing (AM) techniques, also known as 3D printing, enable the production of three-

dimensional components from the CAD model [1]. The principle of AM techniques is adding layer by layer 

which allows the fabrication of geometrically complex and lightweight structures [2,3]. Selective laser melting 

(SLM) is one of the promising AM techniques for the fabrication of metallic components. The most common 

powder materials used in SLM include steel [4], nickel-based [5], titanium-based [6], and aluminum-based 

alloys. [7-9]  

Aluminum alloys are a widely used material in the automotive and aerospace industries for their high specific 

strength, good corrosion resistance, excelling electric and thermal conductivity [10]. AlSi9Cu3 alloy indented 

for the automotive industry is conventionally prepared by high-pressure die casting (HPDC) [11]. Casting 

technology has certain limitations and the SLM process may prevent some defects typical for casting 

technology. Additionally, SLM induces an extremely fine microstructure which positively affects mechanical 

properties [12,13]. However, the properties of components manufactured by SLM technologies are highly 

dependent on the process parameters used, especially laser power (Lp), scanning speed (Ss), hatch distance 

(Hd) and layer thickness (Lt). [14,15]  
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Optimization of process parameters is crucial to achieving fully dense parts and high mechanical properties. 

The goal of this work is to find optimal process parameters for the fabrication of the AlSi9Cu3 alloy by SLM 

technology. The optimal combination of process parameters was selected based on the low porosity level of 

the samples and the quality of manufactured samples was verified by tensile testing.  

2. MATERIAL AND EXPERIMENTAL PROCEDURE  

Gas atomized AlSi9Cu3 alloy (Sandvik Osprey Ltd.) has the chemical composition listed in Table 1, as 

determined by EDS Oxford. Figure 1a) shows the particle size distribution evaluated by laser particle analyzer 

LA-960, Horiba. The mean resp. the median size of powder particles was 42.3 resp. 39.8 µm. The shape of 

particles is rather of irregular character (Figure 1b). 

Table 1 Chemical composition of used AlSi9Cu3 alloy powder determined by EDS analyses 

Element Al Si Cu Fe 

Average (wt%) 85.0 11.2 3.1 0.7 

 

Figure 1 a) Particle size distribution of AlSi9Cu3 alloy powder, b) Morphology of AlSi9Cu3 alloy 

powder particles c) Blocks samples manufactured by SLM process for porosity test 

Firstly, ten samples were produced with the dimensions of 10×14×40 mm (W × H × L). The samples were 

manufactured by SLM 280HL machine equipped with 400 W ytterbium fibre laser horizontally, as shown 

in Figure 1c). Process parameters were kept the same (Lp = 350 W and Lt = 50 µm), except for the hatch 

distance and scanning speed, as summarized in Table 2. Average relative density was determined on 

metallographic samples (the microstructures were documented by Axio Observer Z1 microscope) from 3 

perpendicular areas measuring 8×8 mm by image analysis (ImageJ software). Based on the porosity results, 

a suitable combination of the process parameters was used for the subsequent production of the billets 

intended for the tensile test. Bulk tensile test bars were prepared from the SLM billets (10×14×80 mm) 

according to DIN 50125 FORM B (dimensions of the gauge length Ø 6×30 mm). The tensile test was performed 

using the Zwick Z250 testing machine and fractographic analyses on broken samples were performed using 

scanning electron microscope Tescan Mira.  

Table 2 The process parameter of AlSi9Cu3 alloy produced by SLM process 

 
Scanning speed (mm·s⁻¹) 

1200 1300 1400 1500 

Hatch distance 

(µm) 

120 - Sample 1 Sample 2 Sample 3 

150 Sample 4 Sample 5 Sample 6  Sample 7 

170 Sample 8 Sample 9 Sample 10 - 
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3. RESULTS 

3.1. Porosity testing 

The porosity measurement results are presented in Table 3. No significant differences in porosity were found, 

and the porosity of all samples was less than 1.5 %. The lowest porosity was obtained in sample 2 (1.18 %) 

and the highest in sample 1 (1.48%). Figure 2 shows a schematic view of observed planes. Figure 3 shows 

the polished samples with porosity assessments in two planes, perpendicular to the building-up direction i.e., 

XY-plane (Figure 3a), and the other one parallel to the building-up direction i.e., YZ-plane (Figure 3b). Based 

on the low level of porosity results, the process parameters used for the preparation of samples 2, 5, 7 and 9 

can be considered suitable for the following fabrication. Another important aspect is the size and shape of the 

pores, spherical pores are being considered more favorable compared to irregular pores. For further analyses, 

the process parameters of sample 2 were selected for its lowest porosity. However, the porosity results of 

sample 2 differed in the planes perpendicular (XY-plane) and parallel (YZ-plane) to the building direction 

about of 0.46 %. Directional dependence of porosity was observed in samples 7 and 9 as well. For this reason, 

the process parameters of sample 5, which showed both low porosity level and lower directional dependence 

(differing by 0.11 %), were also selected for the following analysis. 

Table 3 The porosity results of AlSi9Cu3 alloy produced by the SLM process 

 Porosity (%) Average porosity 

(%) 

Relative density 

(%)  XY-plane XZ-plane YZ-plane 

Sample 1 1.35 1.42 1.66 1.48 98.52 

Sample 2 0.98 1.12 1.44 1.18 98.82 

Sample 3 1.35 1.38 1.42 1.38 98.62 

Sample 4 1.00 1.82 1.37 1.40 98.60 

Sample 5 1.20 1.31 1.21 1.24 98.76 

Sample 6 1.50 1.24 1.19 1.31 98.69 

Sample 7 1.20 1.44 1.18 1.27 98.73 

Sample 8 1.45 1.44 1.23 1.37 98.43 

Sample 9 1.40 1.10 1.20 1.23 98.77 

Sample 10 1.20 1.65 1.49 1.45 98.55 

 

Figure 2 Schema showing the observation planes  
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Figure 3 Image of polished specimens a) XY-plane b) YZ-plane, sample number (top left of images), 

porosity (top right of images) 

3.2. Tensile testing  

The tensile test was performed for the evaluation of basic mechanical properties. Based on the porosity results, 

the process parameters of the sample 2 (Lp = 350 W, Ss = 1400 mm·s⁻¹, Hd = 120 µm and Lt = 50 µm) and 

sample 5 (Lp = 350 W, Ss = 1300 mm·s⁻¹, Hd = 150 µm and Lt = 50 µm) were selected to produce samples 

for tensile test. The values of mechanical properties are summarized in Table 4. The resulting value is the 

average of three measurements.  

Table 4 The mechanical properties of AlSi9Cu3 alloy produced by SLM Technology 

 Rp0.2 (MPa) UTS (MPa) A5.65 (%) Z (%) 

Sample 2 271 ± 1.7 494 ± 2.6 5.6 ± 0.2 7.4 ± 0.4 

Sample 5 275 ± 0.8 488 ± 2.9 5.0 ± 0.2 5.3 ± 0.9 

3.3. Fractographic analyses 

A fractographic analysis was performed on the broken samples 2 and 5 after the tensile test. The fracture 

surface of the sample is illustrated in Figure 4. Gas porosity was found on the fracture surface, as shown in 

Figure 4 a) and c). The damage mechanism was of ductile character with very fine dimples in both cases, as 

shown in Figures 4 b) and d).  

 

Figure 4 Fracture surfaces of SLM AlSi9Cu3 alloy a) and b) Sample 2, c) and  

d) Sample 5  
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4. DISCUSSION 

The influence of process parameters on the porosity was investigated. Despite the wide range of process 

parameter values, the porosity of individual samples was similar. In this work, the spherical pores have been 

observed particularly. The spherical pores appeared in material as a consequence of entrapped gasses, which 

might be oxides or evaporated powder. [11,13] 

Figure 5 shows a comparison of the mechanical tensile properties obtained in this work with the values 

available from the literature. The mechanical performance of SLM samples is higher compared to the cast 

ones [16]. The reason may be the finer microstructure of SLM parts without the presence of unfavorable 

acicular morphology of eutectic silicon. An absence of the acicular eutectic silicon has a favorable effect on 

the resulting strength and elongation. [10]  

Due to the trade-off between strengths and deformation characteristics, sample 2 has slightly higher 

mechanical performance than sample 5. The SLM process parameters used in the present work lead to higher 

mechanical properties compared to [12] (Lp = 400 W, Ss = 1300 mm·s⁻¹, Hd = 120 μm, and Lt = 50 μm).  

It may be caused by the distinct value of laser power which has a significant influence on porosity and thus 

mechanical performance. On the other side, the mechanical performance (UTS, A) of [10] (Lp = 350 W, 

Ss = 1200 mm·s⁻¹, Hd = 120 μm and Lt = 50 μm) is comparable with Sample 2 (Lp = 350 W, Ss = 1300 mm·s⁻¹, 
Hd = 120 μm and Lt = 50 μm). As expected, the process parameters are the same except for scanning speed. 

In this case, the higher Ss of Sample 2 leads to the higher Rp0.02. 

 

Figure 5 Comparison of mechanical properties of AlSi9Cu3 alloy from the tensile test with results in the 

literature  

5. CONCLUSIONS 

The lowest porosity of 1.18% was achieved with process parameters of Lp = 350 W, Ss = 1300 mm·s⁻¹, 
Hd = 120 μm and Lt = 50 μm. The mechanical performance evaluated by the tensile test of samples prepared 

by the SLM process overcome the cast state alloy in 0.2% proof stress (271 ± 1.7 MPa compared to 160 MPa), 

ultimate tensile strength (494 ± 2.6 MPa compared to 220 MPa), and elongation at break (5.6 ± 0.2 % 

compared to 1.5 %).   
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Abstract 

The aim of the paper is to analyze and describe current knowledge and application of agile methods, tools and 
techniques in foundries in Czech and Slovakian foundries. The motivation of the research is increasing need 
of customer-focused management and competitiveness. Based on 2022 survey results and comparison with 
original authors research within industrial companies worldwide (2021), differences and similarity will be 
defined and described. Areas of research interest are project, program, and project portfolio management 
within the companies. The results of the research are presented in the final part of the paper. 

Keywords: Agility, foundries, project, program, project portfolio 

1. INTRODUCTION 

Currently, the goal is to strive for the most effective approach to project portfolio management given the 

dynamically changing environment and strategy of industrial companies. At the same time, customer demands 

for performance are growing, which directly affects the company's financial results and overall performance. 

Therefore, it is very important, but on the other hand challenging, to set up an effective project portfolio 

management system. It is desirable to identify appropriate approaches and principles that will both effectively 

manage the project portfolio and at the same time contribute to the successful achievement of the company's 
strategic goals and customer satisfaction [1].  

Agility [2] that is also translates as alive, moving, light. In connection with project management and the 

corporate environment, this concept is understood as a flexible way of management that allows you to easily 

respond to changes in projects and corporate strategy. 

Agility is relatively strongly linked to the application in project management, especially with a focus on 

information technology. The agile approach to project management is very close to lean methods and 

principles and approaches such as kaizen or Six Sigma [3=47 - DP]. Agile methods and tools are based on a 

strong pro-customer nature, all activities during development are purposefully focused on achieving the desired 

result, and thus waste is minimized more significantly than with traditional procedures. When using agile 

methods and tools, smaller portions of results are realized in each development cycle in close cooperation 

with the customer [4]. 

1.1. Current state of knowledge - agility in project portfolio management 

The critical evaluation of the available professional literature reveals a research gap in the implementation of 

agile principles in project portfolio management. All analysed studies have one thing in common, they generally 

describe the benefits of agile elements in project portfolio management.  
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Kaufmann et al. [5] describe in their research that agile practices are becoming increasingly popular in project, 

program and portfolio management, as they allow more flexibility to adapt to a dynamic environment than 

traditional methods. Based on a study published in 2020, which examined the implications of agile practices 

in project portfolio management processes, it was found that the application of agile elements has a generally 

positive effect on portfolio management from the development of its strategy to successful fulfillment of portfolio 

objectives. Furthermore, opportunities for agile approaches to change the uncertainties that arise in the 

portfolio were identified. Agile principles help to increase the complexity of the portfolio, especially in the 

exchange of information and resources within individual portfolio projects. According to the authors, an 

important element is the general expansion of agile thinking into corporate culture. Only thanks to this can 

progress be made in project portfolio management. 

Stettina and Hörz [6] tried to understand the application of agile methods in project management and portfolios, 

especially in the field of information technology. Their research, published in 2015, highlights an important 

element of top management sponsorship for introducing agile elements into portfolio management. They also 

defined three aspects that are generally key to portfolio management - routines, structures, values. Agile 

management needs to include transparency of resources and tasks, close cooperation in the team and with 

customers, with elements of feedback and commitment to a strategically managed portfolio. 

Hoffmann et al. [7] focus on portfolio management of information technology projects that require strategic 

alignment, efficiency and agility. Currently problems are identified as inconsistencies in project portfolio 

management between the various elements at the level of portfolio management, where formal rules are often 

circumvented, which is reflected in resource overload, malfunctioning projects, inability to respond to changing 

strategies. 

Rautiainen et al. [8] presented a case study on agile project portfolio management in a software company 

environment. Within the presented outputs, the contribution of agile elements (back log, extreme programming, 

etc.) is observed, thanks to which problems were eliminated (prioritization, visibility of projects, structure of 

projects in portfolio). 

Hörlach et al. [9] describe that organizations face a growing number of possible approaches for agile portfolio 

management and administration but emphasize that resources on best practices for the selection of a suitable 

methodology for the implementation of agile elements are rare. The focus of their research is again focused 

on the portfolio in the field of information technology, which is an area where the portfolio differs diametrically 

from manufacturing companies. 

It is worth mentioning the research from Petrinska-Labudovikj [10] which deals with the theory and project 

portfolio management practices. Points to the importance of using software support for effective portfolio 

management and at the same time describes the great diversity in the approach to the implementation of 

project portfolio management, which varies across organizations. States that there are few resources and 

knowledge available on implementation, worldwide. 

A comprehensive search for project portfolio management was carried out by Fotr [11]. As part of his research, 

he describes the basic components of portfolio creation - determining the overall evaluation of projects, 

selecting projects for the portfolio, optimizing the portfolio and evaluating performance and periodic portfolio 

reviews with the potential use of agile methods, which, however, are completely absent in the basic 

components of the project portfolio. 

1.2. Agile methods, tools and techniques 

In the following part of this article, the most well-known and most used agile methodologies, tools and 

techniques are listed in more detail. The overview is shown in Table 1. 
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Table 1 Agile methods, tools and techniques [own processing] 

Agile methods Agile tools and techniques 

SCRUM, Extreme Programming (XP), Test Driven 
Development (TDD), Property Driven Development 

(FDD), Agile Unified Process (AUP), Dynamic 
Systems Development Method, Kanban, 

SCRUMBAN, Agile Modeling, Open Unified 
Process, Microsoft Solution Framework, DMAIC, 

PDCA, Last Planner System, Lean Development, 
Crystal Methodologies, Adaptive Software 

Development 

Daily Stand-up, Sprint planning, User stories, Kanban board, 
Team reviews, Retrospective meetings, Sprint, Product 

backlog, Team walls, Sprint backlog, Relative estimate, Agile 
story chart, Dedicated teams, Collocation, Sprint review, 

Iteration, Task board , Workshop, Team communication, 
Feedback, WIP limit, EVM, time-boxing, Trend analysis, Burn 

down chart, Burn up chart, Control limits, Kaizen, Process 
improvement, VSM, Testing, Roadmap, Progressive 

processing, Wire-frames, Chartering, Learning Cycle, 
Collaboration Games, Agile Estimates, Agile Communications, 

Variance Analysis, Trend Analysis, Flow Diagram, Pre-
Mortem, DoD, Usability Tests, Risk Planning, Customer 

Weighted Priority, Minimum Viable Product, Bucket size 
planning 

2. THE METHODOLOGY OF THE PAPER 

Goal of the paper has been set to analyze and describe recent knowledge and application of agile methods, 

tools and techniques in foundries in Czech Republic and Slovakia Republic based on 2022 reseaarch and 

compare the results with original research of authors who did research within industrial companies worldwide 

in 2021. Three research questions were formulated: 

1) What level of knowledge of agile methods, tools and techniques is in foundries? 

2) What level of application of agile methods, tools and techniques is in foundries? Are there similar results 

in utilization of management tools worldwide and in industrial companies in the Czech Republic? 

3) Are there any trend differences between original 2021 research worldwide and foundries research from 

2022? 

2.1. Data collection 

The data for foundries research were collected based on survey and its results in 2022 in foundries within 

Czech and Slovakian foundries. Totally 34 responds were collected and then it was compared to original 

worldwide research within 112 industrial companies (83 from EMEA and 29 from USA). The main focus of the 

survey was on knowledge and application of agile methods, tools and techniques in project, program and 

project portfolio management. The survey was performed through Google Forms and then evaluated in MS 

Excel. 

3. RESULTS OF THE PAPER 

The chapter presents the most important findings of agile methods, tools and techniques knowledge and 

application in Czech and Slovakian foundries. Results are presented in Figure 1, Figure 2, Figure 3, Figure 4 

and Figure 5 that shows knowledge and application in project, program and project portfolio management of 

foundries that participated the survey. 

The Figure 1 shows current state of knowledge of agile methods, tools and techniques in foundries. 
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Figure 1 Knowledge of agile methods, tools and techniques in foundries (own processing) 

As Figure 1 presents, we can see that agile methods, tools and techniques that foundries know the most are 

PDCA (Plan-Do-Check-Act), Kanban, Lean Development, SCRUM and DMAIC.  

The Figure 2 shows current state of application of agile methods, tools and techniques in foundries in project 

management area. 

 

Figure 2 Application of agile methods, tools and techniques in foundries in projects (own processing) 
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As we can see in Figure 2, the application of agile methods, tools and techniques in projects in foundries is 

on very low level as the most answers were more likely no or no. The only two methods, that are being used 

are Lean Development and DMAIC. 

The Figure 3 shows current state of application of agile methods, tools and techniques in foundries in program 

management area. 

 

Figure 3 Application of agile methods, tools and techniques in foundries in programs (own processing) 

Figure 3 shows that in program management, there is no application of agile methods, tools and techniques.  

The Figure 4 presents current state of application of agility foundries in project portfolios 

 

Figure 4 Application of agile methods, tools and techniques in foundries in portfolios (own processing) 
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As we can see in Figure 4, the application of agile methods, tools and techniques in project portfolio in 

foundries is on very low level too as there is no any application of agility. 

4. DISCUSSION AND CONCLUSION 

We can say that the goal of the paper to analyze and describe current knowledge and application of agile 
methods, tools and techniques in Czech and Slovakian foundries was fulfilled and all three research questions 
were answered. The knowledge and application are on low level in general within project, program an project 
portfolio management but we can see that knowledge is higher than application for specific agile methods, 
tools and techniques - DMAIC, PDCA, Kanban, Lean Development and SCRUM. 

Comparing to original worldwide research within 112 industrial companies and subsequent statistical 
hypotheses testing (qualitative trait independence test), we can declare that: 

 Knowledge of agile methods, tools and techniques is significantly different between both researches. 
Level of knowledge is higher in worldwide research. 

 Application of agile methods, tools and techniques in projects, programs and portfolios management is 

significantly different between both researches. Level of application is higher in worldwide research. 

It is desirable to identify appropriate approaches and principles that will both effectively manage the project 
portfolio and at the same time contribute to the successful achievement of the company's strategic goals and 
customer satisfaction within projects and programs. Agility and its methods, tools and techniques offer one 
possible solution to increase competitiveness in a dynamic market. 
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Abstract  

In recent years, global and domestic market demands for quality steel were on the increase. Combined with 

the strict legislation of the European Union and its ambitious plan to reach carbon neutrality by 2050, this 

created pressure in the metallurgical sector, necessitating innovation and optimization of its current processes. 

However, the sector is currently struggling with a stagnant demand, international trade restrictions, and a 

pandemic which, along with the conflict between Russia and Ukraine, causes disruption in supply chains and 

affects downstream sectors. As of today, the steel industry is one of the three largest emitters and is therefore 

a good candidate for decarbonization. Although the industry needs to adapt to these new circumstances, it 

can also use them as a chance to ensure its competitiveness in the market in the long run. Steel is one of the 

basic pillars of today's society and as one of the most important engineering and building materials it is present 

in many aspects of our lives. Nevertheless, the industry must first cope with the environmental and economic 

pressure to reduce the amount of carbon dioxide production. All the more so as the energy and economic 

crisis caused by the war between Ukraine and Russia puts great pressure on the steel industry in Europe. 

These geopolitical events are also generating unprecedented challenges for Europe’s society. As to the energy 

crisis, the concerns over security, affordability, and sustainability of energy sourcing have never been as acute 

as today, which highlights the vulnerability of Europe’s industry and economy as a whole. 

Keywords: Decarbonisation, energy crisis, emissions, steel industry 

1. INTRODUCTION 

The current trend in metallurgy is to achieve the production of high quality and competitive steel on the global 

market. However, steel production is highly energy and emission intensive, with this high share largely due to 

the sector's high dependence on fossil fuels, which are mainly in the form of imports from Russia. Given the 

current economic and geopolitical situation in the conflict in Ukraine, leading European officials say that while 

promoting renewable energy and finding alternative fuel importers is a way to reduce dependence on Russian 

energy fuels, several member states are looking for a solution in coal. The Russian invasion of Ukraine will 

accelerate the dismantling of Europe and its member states from energy supplies from Russia. However, this 

cannot be done overnight and, moreover, in a way that could jeopardize the functioning of one's own economy 

and worsen the living conditions of citizens. When making any decisions, the risk of an increase in energy 

poverty must be taken into account and, therefore, effective measures must be put in place to regulate prices, 

tax incentives, or protect households and businesses from the point of view of supplying affordable and 

sustainable energy sources. The "REpowerEU" plan, which promises to reduce EU gas demand by two-thirds 

by the end of the year and accelerate disconnection from Russian oil and coal [1,2,3]. 

2. EUROPEAN UNION ENERGY ANALYSIS 

Gross available energy Table 1 in the European Union in 2020 decreased compared with 2019 by -8,1 %. Oil 

(crude oil and petroleum products) continued to be the most significant energy source for the European 
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economy, while natural gas is the second largest energy source. Both oil and natural gas are primarily imported 

from outside of EU [4]. 

Table 1 Gross available energy - European Union (EU-27) 

Energy Source 2019 �{4� 2020 �{4� 
Oil and petroleum products 22 822,66 19 918,61 

Natural gas 14 034,11 13 696,18 

Renewables and biofuels 9 713,89 10 046,86 

Solid fossil fuels 7 197,36 5 874,64 

Nuclear heat 8 213,7 7 334,23 

All other fuels 864,67 871,8 

The EU imports up to 90 % of its gas consumption, with Russia providing 41,1 % of the EU's total gas 

consumption, 26,9 % of oil and 46,7 % of coal are also imported from Russia [5,6]. According to the 

International Energy Agency, a temporary return to coal is one way to reduce gas demand. The plan to reduce 

Russian gas consumption sets out a 10-point plan to reduce the European Union's dependence on Russian 

natural gas and fossil fuels, with the most important points for the steel industry being: No new gas supply 

contract with Russia, replace Russian gas supplies from alternative sources and the European Commission's 

proposal of 5. April, the fifth package of sanctions against Russia, which includes a ban on Russian coal 

imports [7]. 

Steel production is highly energy and emission intensive, accounting for approximately 8 % of global energy 

demand and 7 % (2.6 Gt CO2) of total energy system emissions. This high share comes largely from the 

sector's high dependence on coal, which supplies 70 % and natural gas with more than 10 % of its energy 

inputs in Blast Furnace - Basic Oxygen Furnace (BF-BOF) method which is still the majority steel production 

process in Europe despite the changing trend in favour of electrification [8,9]. 

In the first quarter of 2022 European energy market are experiencing the impact of the current energy crisis -

short-term gas prices on the largest European exchange were five times higher than their 2021 average and 

coal prices were more than three times higher as shown in Figure 1 [10,11]. The upward price pressures come 

from a confluence of long-term trends and current events. In energy-intensive industries such as Steel Industry, 

these extraordinary increases are having a profound impact on production costs, which have risen by almost 

50 percent in some sectors. The situation is likely to be prolonged [12]. 

 
Figure 1 The price of natural gas on the European market in euros (left) the price of coal on the global 

market in dollars (right) based on Trading Economics (1.5. 2022) 

Energy annual inflation in the EU hit more than 30 % in March 2022, continuing the upward trend. This 
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information comes from data published by Eurostat - Harmonised Index of Consumer Prices (HICP) Figure 2. 

The inflation rate for energy is the highest since the HICP was first published in 1997. In October 2021, it 

surpassed the highest point recorded so far: 17 % in July 2008 during Financial Crisis [13,14]. 

 
Figure 2 Evolution of energy prices in Europe EUROSTAT (last update: 29/04/2022 11:00) 

3. STEEL PRODUCTION IN THE EUROPEAN UNION 

The European steel industry has a long history and is a leader in innovation, quality, and environmental 

performance. However, in recent weeks, the sector has been struggling with international trade disruptions, 

war, and the energy crisis, which has disrupted supply chains and affected downstream sectors. At the same 

time, the European steel industry is expected to invest in R&D, review its production processes and ensure 

substantial emission reductions to remain competitive and contribute to climate neutrality by 2050. This 

combination creates an extremely challenging business environment and illustrates many of the challenges, 

which EU industry currently faces. The transformation itself is all the more challenging given that it should take 

place during production, or with its minimum limitation, in order to ensure not only employment but also demand 

for steel [15]. European EU27 steel production share in percentages by country and energy consumption by 

fuel in European Iron & Steel industry sector is shown in Figure 3. The share of individual technological 

processes in the steel process in Europe is shown in Table 2 [9,16]. 

  

Figure 3 Percentage of steel production in the European Union 2020 (Left) & EU-27 Iron and Steel industry 

energy consumption by fuel (Right) 
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The European steel industry has more than 500 production plants in 23 Member States and directly employs 

330,000 people and taking into account indirect and induced jobs in other sectors, creates 2.6 million jobs 

across the EU. However, current geo-political situation can significantly disrupt this sector [17]. 

Table 2 Steel production by technology in the EU 

Technological process 
(in ‘000 metric tons) 

2017 2018 2019 2020 
2020 

[% Share] 

BF-BOF  99 925 97 588 92 343 79 905 57,4 % 

EAF 68 437 69 745 65 120 59 380 42,6 % 

Total 168 362 167 333 157 463 139 285 100 % 

The gradual transition from fossil fuels used in the BF-BOF method to electricity in the EAF and hydrogen will 

be highly energy-intensive. A carbon free net-zero steel sector requires 3-5 times more electricity compared 

to current steel production [18]. The new geopolitical and energy market reality requires Europe and its 

member states to drastically accelerate the clean energy transition and increase Europe's energy 

independence from unreliable suppliers and volatile fossil fuels. Following the invasion of Ukraine, the case 

for a rapid clean energy transition has never been stronger and clearer. 

4. RESPONSE OF SELECTED EU27 COUNTRIES AND THE STEELMAKERS TO THE ENERGY 
CRISIS 

Given the current economic and geopolitical situation associated with the conflict in Ukraine, leading European 
leaders say that the way to reduce dependence on Russian energy fuels is to promote renewable energy 

sources and find alternative fuel importers. However, several EU member states are looking for a solution in 

coal. In the European Parliament, there is a strong effort to increase the target for the share of renewables in 

energy consumption by 2030 from the current 40 % to 45 % [19]. CO2 emissions are set to hit a record high in 

2022, growing 2.5 % over 2021, despite greater focus on climate and the continuing impact of the COVID-19 

pandemic. This follows a rise in CO2 emissions already last year on higher coal usage and growing energy 

demand as economies recovered from the pandemic [20]. 

Selected EU member states take the following steps [21]: 

 Germany: The German government is not yet planning to reopen domestic coal mines. However, 

Germany is starting to build up strategic coal reserves, and energy companies have already requested 

that decommissioned coal-fired power plants be kept on standby. 

 Italy: planned to shut down coal-fired power plants in 2025. However, at the beginning of the Russian 

attack on Ukraine, the Prime Minister stated that the reopening of already shut down power plants could 

also be a short-term solution to the energy crisis. 

 Bulgaria: The Bulgarian government also planned to shut down coal thanks to a large new gas-fired 
power plant. Its construction was part of the Bulgarian recovery plan. However, the project is halted, and 

Sofia will use coal at least until it starts two new nuclear reactors. 

 Romania: The Romanian government does not plan to open new coal mines but will increase production 

in existing ones. It will restart production in existing coal-fired power plants. 

 Czech Republic: several Czech companies are already revising their plans and are returning to coal 
from natural gas. The government has not changed official policy yet. 

 Slovakia is completely dependent on Russian gas and oil. Switching to a new technology for processing 

oil from other sources will not be easy for Slovak industry. The same is true for gas, because in Slovakia 

many factories are set up to compose Russian gas.  
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European steelworker’s response to the energy crisis [22,23,24,25.26,27,28]: 

 ArcelorMittal said it has been operating its stop-start electric furnaces in Germany, Luxembourg, Poland, 

Romania, and Spain for months, "to avoid peak electricity prices that would significantly affect 

competitiveness". 

 German steelmakers are starting to limit the amount of steel produced. In March 2022 Germany as the 

largest steel producer in Europe decreased its production by -11,8 % compared to 2021. 

 Salzgitter Germany - Germany's second-largest steelmaker said it does not source coking coal from 
Russia and the very low volume of PCI (pulverised coal injection) material that had come from Russia 

has been replaced. 

 Tata Steel EU - Indian steelmaker said it has suspended further shipments of coal from Russia. The 

company has adequate stocks of raw materials at its Port Talbot steelmaking site and has identified 

alternative sources for coal. 

 Italian steelmakers - Acciaierie Venete closed three of its steel mills for several days as prices rose 
several times above normal. Producers of high-quality steel for automotive and agricultural machinery 

had enough stocks to work on the finished product and waited for prices to fall so that they could reopen. 

 ArcelorMittal in Spain has announced a temporary cessation of steel production due to rising raw 

material and energy prices. 

 Steel mills in the UK have been forced to start temporary shutdowns as steel production has become 

so expensive due to high energy prices that production is unprofitable. 

 Acerinox SA, Salzgitter AG and Liberty Steel are reducing production capacity due to high energy prices. 

 U.S. Steel Košice, s.r.o. - informed that, depending on the state of raw material stocks, they had a 

planned production of at least 90 days, even if supplies were suspended. 

 However, despite the current geopolitical situation, some steel mills show the most successful period 
with record production capacities - for example, Slovak U.S. Steel Košice s.r.o. and Czech Liberty 

Ostrava [29,30]. 

 European steel mills are gradually removing Russian materials from the supply chain. 

 In February 2022 EU (27) produced 11.7 Mt of steel, down 2.5 % compared to last year. In March the 

EU (27) produced 36.8 Mt of crude steel in the first quarter of 2022, down by 3.8 % compared to the 

same quarter of 2021 [31] 

5. CONCLUSION 

The European Union must first and foremost deal with its own energy independence and ability to face the 

energy crisis. In the event of a shutdown of raw materials and fuels import from foreign sources, it must be 

able to secure not only domestic production but especially the inhabitants of its member states. Before fully 

embarking on deep decarbonisation in order to achieve carbon neutrality by 2050, it must secure energy 

supplies to the industries most affected by this transformation. The steel industry is currently one of the three 

largest emitters and is therefore a good candidate for decarbonisation. Although the industry needs to adapt 
to these new circumstances, it can also use them as a chance to ensure its long-term market competitiveness. 

However, this transformation will not be possible without renewable energy sources in the form of clean 

electricity and green hydrogen produced in Europe. This fact is further confirmed by the current geopolitical 

situation in which Europe finds itself, and other potential sanctions exacerbate the need for green, sustainable, 

and domestic energy infrastructure. 

ACKNOWLEDGEMENTS   

This research was funded by [VEGA MŠ SR a SAV] grant number [1/0212/21]. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

810 

REFERENCES 

[1] EU response to Russia's invasion of Ukraine. [online]. 2022. [viewed: 2022-04-5]. Available from: 

https://www.consilium.europa.eu/en/policies/eu-response-ukraine-invasion/. 

[2] The EU response to the Russian invasion of Ukraine. [online]. 2022. [viewed: 2022-04-5]. Available from: 

https://researchbriefings.files.parliament.uk/documents/CBP-9503/CBP-9503.pdf. 

[3] PIŠTA, J. Euractiv, Európa sa bez ruského plynu nezaobíde. Aspoň zatiaľ. [online]. 2022. [viewed: 2022-04-5]. 

Available from: https://euractiv.sk/section/energetika/opinion/europa-sa-bez-ruskeho-plynu-nezaobide-aspon-
zatial/. 

[4] Eurostat, Energy statistics - an overview. [online]. 2022. [viewed: 2022-04-5]. Available from: 
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Energy_statistics_-_an_overview&oldid=552859. 

[5] European Commission, In focus: Reducing the EU’s dependence on imported fossil fuels. [online]. 2022. [viewed: 
2022-04-5]. Available from: https://ec.europa.eu/info/news/focus-reducing-eus-dependence-imported-fossil-fuels-

2022-abr-20_en. 

[6] European Commission, REPowerEU: Joint European action for more affordable, secure and sustainable energy. 

[online]. 2022. [viewed: 2022-04-5]. Available from: 
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_1511 

[7] International Energy Agency, A 10-Point Plan to Reduce the European Union’s Reliance on Russian Natural Gas. 
[online]. 2022. [viewed: 2022-04-5]. Available from:  https://www.iea.org/reports/a-10-point-plan-to-reduce-the-

european-unions-reliance-on-russian-natural-gas 

[8] World Steel Association, Energy use in the steel industry. [online]. 2022. [viewed: 2022-04-5]. Available from: 

https://www.worldsteel.org/en/dam/jcr:f07b864c-908e-4229-9f92-669f1c3abf4c/fact_energy_2019.pdf 

[9] International Energy Agency, Iron and Steel Technology Roadmap. [online]. 2022. [viewed: 2022-04-5]. Available 

from: https://iea.blob.core.windows.net/assets/eb0c8ec1-3665-4959-97d0-
187ceca189a8/Iron_and_Steel_Technology_Roadmap.pdf 

[10] Trade Economics, EU Natural gas price. [online]. 2022. [viewed: 2022-04-5]. Available from: 
https://tradingeconomics.com/commodity/eu-natural-gas 

[11] Trade Economics, Coal price. [online]. 2022. [viewed: 2022-04-5]. Available from: 
https://tradingeconomics.com/commodity/coal 

[12] CRISPEELS, P., ROBERTSON, M., SOMERS, K., WIEBES, E., McKinsey & Company. Outsprinting the energy 
crisis. [online]. 2022. [viewed: 2022-04-5]. Available from: https://www.mckinsey.com/business-

functions/operations/our-insights/outsprinting-the-energy-crisis 

[13] Eurostat, Energy inflation rate continues upward hike, hits 27%. [online]. 2022. [viewed: 2022-04-5]. Available 

from: https://ec.europa.eu/eurostat/web/products-eurostat-news/-/ddn-20220225-2 

[14] Eurostat, HICP - monthly data (annual rate of change). [online]. 2022. [viewed: 2022-04-5]. Available from: 

https://ec.europa.eu/eurostat/databrowser/view/PRC_HICP_MANR__custom_2160811/bookmark/table?lang=en&
bookmarkId=2597def3-51fc-4f00-a59e-77753ab94b90 

[15] Eurofer, European Steel in Figures 2021. [online]. 2022. [viewed: 2022-04-5]. Available from: 
https://www.eurofer.eu/publications/brochures-booklets-and-factsheets/european-steel-in-figures-2021/ 

[16] EIA, Eurostat, Natural Gas Weekly Update. [online]. 2020. [viewed: 2022-04-5]. Available from: 
https://www.eia.gov/naturalgas/weekly/archivenew_ngwu/2020/08_20/#itn-tabs-0 

[17] European Commission, Towards competitive and clean European steel. [online]. 2021. [viewed: 2022-04-5]. 
Available from: https://ec.europa.eu/info/sites/default/files/swd-competitive-clean-european-steel_en.pdf 

[18] Material Economics, Industrial Transformation 2050, [online]. 2021. [viewed: 2022-04-5]. Available from: 
https://materialeconomics.com/publications/industrial-transformation-2050 

[19] European Environment Agency, Share of energy consumption from renewable sources in Europe. [online]. 2022. 
[viewed: 2022-04-5]. Available from: https://www.eea.europa.eu/ims/share-of-energy-consumption-from 

[20]  S&P Global, Coal to help solve EU energy crisis as trade patterns shift. [online]. 2022. [viewed: 2022-04-5]. 
Available from: https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/metals/032322-coal-

to-help-solve-eu-energy-crisis-as-trade-patterns-shift-shippers 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

811 

[21] GEIST, R. Euractiv, [online]. 2022. [viewed: 2022-04-5]. Available from: 

https://euractiv.sk/section/energetika/news/obetou-vojny-moze-byt-aj-zelena-energetika/ 

[22] Bloomberg, European Industry Starts Shutting Down as Energy Prices Soar. [online]. 2022. [viewed: 2022-04-5]. 

Available from: https://www.bloomberg.com/news/articles/2022-03-09/european-industry-starts-shutting-down-as-
energy-prices-soar 

[23] KÄCKENHOFF, T., UYANIK, A. Reuters, UPDATE 2-Steelmaker Lech-Stahlwerke halts production as power 
prices soar. [online]. 2022. [viewed: 2022-04-5]. Available from: https://www.reuters.com/article/ukraine-crisis-

germany-steel-idAFL5N2VD4U4 

[24] BARRY, C. APNews, Russia’s war idles some European mills as energy costs soar. [online]. 2022. [viewed: 

2022-04-5]. Available from: https://apnews.com/article/russia-ukraine-business-italy-milan-lifestyle-
5f7febf726aa02df8cb9d9599cfe3912 

[25] GLAZE, B. Mirror, Steel unions urge Boris Johnson to slash power costs in Energy Security Strategy, [online]. 
2022. [viewed: 2022-04-5]. Available from: https://www.mirror.co.uk/news/politics/steel-unions-urge-boris-johnson-

26647775 

[26] Mint, ArcelorMittal removes Russian materials from steel supply chain, [online]. 2022. [viewed: 2022-04-5]. 

Available from: https://www.livemint.com/companies/news/arcelormittal-removes-russian-materials-from-steel-
supply-chain-11647948289400.html 

[27] EY, European metals producers are grappling to remain competitive, [online]. 2022. [viewed: 2022-04-5]. 
Available from: https://www.ey.com/en_ru/energy-resources/energodigest/2022/04/european-metals-producers-

are-grappling-to-remain-competitive 

[28] Reuters, Impact on EU, UK steel industry of bans on Russian coal imports, [online]. 2022. [viewed: 2022-04-5]. 

Available from: https://www.reuters.com/world/europe/impact-eu-uk-steel-industry-bans-russian-coal-imports-
2022-04-08/ 

[29] U.S. Steel Košice, s.r.o., Spoločnosť United States Steel Corporation oznámila rekordné výsledky za prvý štvrťrok 
2022, [online]. 2022. [viewed: 2022-04-5]. Available from: https://www.usske.sk/sk/clanok/spolocnost-united-

states-steel-corporation-oznamila-rekordne-vysledky-za-prvy-stvrtrok-2022 

[30] Liberty Ostrava, LIBERTY Ostrava dosáhla nejlepších výsledků ve výrobě za poslední roky. [online]. 2022. 

[viewed: 2022-04-5]. Available from: https://libertysteelgroup.com/cz/news/liberty-ostrava-dosahla-nejlepsich-
vysledku-ve-vyrobe-za-posledni-roky/ 

[31] Worldsteel Association, March 2022 crude steel production, [online]. 2022. [viewed: 2022-04-5]. Available from: 
https://worldsteel.org/media-centre/press-releases/2022/march-2022-crude-steel-production/ 

  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

812 

INNOVATION OF TECHNOLOGY FOR TESTING SELECTED PARAMETERS OF FINISHED 
PRODUCTS 

Zdeněk MARTÍNEK, Petr BESTA, Nikola NĚMCOVÁ 

 VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, 

zdenek.martinek.st@vsb.cz, petr.besta@vsb.cz, nikola.nemcova.st@vsb.cz 

https://doi.org/10.37904/metal.2022.4443 

Abstract 

The aim of the manufacturing company is not only to innovate the production process in order to reduce 

production costs on the one hand and increase production on the other, but also to increase the resulting 

quality of products, which, with an increasing the level of quality of manufactured products, eliminates the costs 

associated with complaints (if any), increases the competitiveness of the manufacturing company in the 

markets and brings higher demand for products due to higher quality. This innovation of improving the quality 

of products has been neglected to a large extent in current trends, as great emphasis is placed on increasing 

productivity while reducing costs, and even brings with it the opposite effect, which is the above-mentioned 

costs of complaints and the associated outflow of customers. In order for innovations leading to reduced costs 

and increased productivity not to have an impact on quality, partial control mechanisms are implemented in 

the production process to detect scrap, or an output control is installed as the last step of the production 

process in order to find and discard the non-conforming product and avoid delivering it to the customer. The 

aim of the article is to analyse the innovative change of the selected production process. 

Keywords: Innovation, technology, costs, quality 

1. INTRODUCTION 

Any purposeful, goal-oriented activity involving multiple people and aiming to achieve a pre-determined 

outcome requires management. This management takes the form of various decisions, measures, 

interventions, instructions, orders, dispositions and initiatives of specially authorised people - managers.  Some 

management acts are directly influenced by managers in the course of the managed activities, others precede 

or follow the activities [1]. Management is a specific production factor that sets the production a target and 

brings order to it. Management has a short-term component (operational, tactical management) that ensures 

the mutual coordination of activities in the production system with regard to the intentions and objectives set 

by long-term (strategic) management. The management of the two components, short-term and long-term, 

differs considerably. Long-term management focuses on setting objectives, while short-term management 

focuses on implementation [2]. 

From the point of view of the complexity of managing production process, the most complex types of production 

are those that are continuous in nature. They typically include metallurgical production, which is based on the 

use of chemical, physical or thermal processes. Metallurgical production is also demanding in terms of the 

quantity and quality of input raw materials. The basic feedstocks include metal-bearing part, slag-forming 

additives and coke [3,4]. 

The metal-bearing burden portion of the batch is usually formed by iron or manganese ore, but also metal-

bearing waste from industrial production. The metal-bearing constituents can be contained in the blast-furnace 

burden in the form of natural or sorted ore, but more often as blast furnace ore treatment products, i.e. 

agglomerates or pellets. From the chemical point of view, we distinguish four groups of iron ores [5]: 
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 Anhydrous oxides - ferric oxide Fe2O3 - hematite or bloodstone with the iron content of 70 % in pure 

state, in nature up to 60 %, ferrous-ferric oxide Fe3O4 - magnetite or lodestone with the iron content of 

72.4 %, pure, in nature 68 %.  

 Hydrated iron oxides Fe2O3.n H2O - limonites or brown hematites, hydro hematite Fe2O3 .n H20, where 

n < 1, contains in the pure state 62-69 % of Fe, götit Fe2O3 . H2O, where n = 1, i.e. FeO.OH contains in 

the pure state 62.9 % of Fe, hydrogötite or limonite Fe2O3 . n H2O, where 1 < n < 1.5, contains in the 

pure state 59.8 to 63 % of Fe. 

 Carbonates, iron spar or siderite FeCO3, contains up to 50 % of Fe in the pure state. 

In many deposits, ore minerals occur in a combined composition. We can talk about belt deposits. In that case, 

the individual layers can contain different types of ores [6]. Besides the content of the metal itself, the content 

of pollutants and other negative substances is a key factor. All of these aspects can influence not only the iron 

oxide reduction process, but the production technology as a whole [7]. 

Due to the continuous nature of the production process and the necessity to modify the input raw materials 

before their use, metallurgical processes are also demanding in terms of in-house logistics [8,9]. Iron 

production is nowadays highly affected by environmental requirements. Those are not only oriented towards 

the reduction of negative externalities whether in the form of emissions or dust [10]. From a strategic point of 

view, the issues that are currently crucial for metallurgical companies are mainly related to the reduction of the 

carbon footprint.  

The management of production processes is very challenging in the current highly competitive environment. 

In addition to high customer demands, there is also a significant increase in the prices of all raw materials and 

energy. Customers expect excellence not only in the product itself but also in the related services.  

Manufacturing companies are now increasingly forced to look for possible sources of waste and to minimise 

their production costs. Within the framework of the conducted research, a possible change in the technology 

for oil filter tightness testing was analytically evaluated. The technology is used in the last inspection operation 

within the oil filter production line. The aim of the paper is to evaluate the possible options for changing this 

technology and the possible implications for the performance of the whole workplace.   

2. PROBLEM FORMULATION 

Quality assurance in the production process is achieved through a number of control mechanisms. Those are 

for example: quality control of input parts, poka-yoke systems, measuring systems, shape evaluation devices, 

presence control, control of specific properties of input parts and others. The main differences between 

continuous quality control in the production process and final inspection of a product are that any defect or 

non-conformity in continuous inspection is detected at a stage when the cost of repairing the part or reworking 

it is not as high as in the case of detecting a defect at the end of the production process. Unfortunately, some 

of the functional characteristics of the product can only be verified once 

the product is finally assembled. Such functional characteristics include, 

for example, the tightness of the product. It is this tightness control 

technology that is the subject of the innovation. Specifically, the tightness 

technology of the final product - the oil filter, which is shown in Figure 1. 

It is a complete oil filter assembly with cartridges, a cooler and an oil 

pump; the whole assembly is integrated into an aluminium block which is 

then mounted into a diesel engine that drives a truck. 

This oil filter is assembled on a semi-automatic assembly line operated 

by 3 assembly workers. The assembly line cycle time is 450 seconds, 
Figure 1 Oil filter  
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equivalent to a shift output of 60 units per shift. The annual production volume of oil filters is 41,400 oil filters. 

An outline of the assembly line is shown in Figure 2. 

 

Figure 2 Assembly line outline 

The air leakage detection method is a non-destructive method. The basic principle of the leakage testing 

method is to fill the parts under test with a pressure higher than atmospheric pressure and then to evaluate 

any leakage in three ways: 

 by the pressure drop detection method - where only the pressure drop is evaluated and the possible 
leakage point detection is not localised, 

 by the leakage point detection method - in this method the medium in the tested part is used to localise 

the leakage point, 

 by the spectrometric method - in this method, the part under test is filled with helium (tracer gas), any 
leakage is detected by a spectrometer where its partial pressure is measured, the leakage is then 

evaluated by imaging. This test is therefore called the helium test. 

The evaluation of part leakage using the pressure drop method is usually used 

in high-volume productions because the test time is shorter than that of the 

leakage point detection method. The disadvantage of this method is that the 

location of the leakage is not localised. This then has to be carried out 

subsequently using the leakage point detection method. The method has two 

uses. In the first one, the part is pressurised to the required pressure. The 

pressure is then stabilised and the pressure drop in the part is measured. 

In the second method of leakage detection, the part is enclosed in a bell and 

pressurised to the required pressure. In the bell, in the vicinity of the part, a 

vacuum or a slight overpressure compared to atmospheric pressure is then 

created and then the pressure increase is evaluated. The first use is suitable 

for detecting larger leakages, while the second one is suitable for small 

leakages. An example of an air/air tightness test is shown in Figure 3. 

Locating a possible leakage by the leakage point detection method is, on the 

other hand, used for low-volume productions because it is time-consuming. 

This method can be performed in two ways. In the first way, the part under test is pressurised with compressed 

air, then it is immersed in a water bath under pressure. Air leakage is then visually detected by the presence 

Figure 3 Example of air/air 

tightness test 
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of air bubbles. This method of evaluating leakage of a part is usually called the 

water test. This method is particularly time consuming, the part has to be dried, it 

is also not suitable for components and parts that can be damaged by water, and 

it can also lead to poor evaluation or missed leaks as this method is usually 

performed by a human. An example of the water test is shown in Figure 4. 

The third detection option is through the 

spectrometric method. The principle is to 

pressurise the part under test with helium. 

Any leakage in the form of escaping helium 

molecules is evaluated using a magnetic 

sector mass spectrometer. The concentration 

of helium molecules is converted into an 

electric current which is amplified and its 

value is used to evaluate the test result [11]. 

The measured current is proportional to the 

helium concentration and therefore to the 

measured leakage (leakage). This method is very accurate and the test 

results are obtained in a short time. An example of a helium tightness test 

is shown in Figure 5. 

The use of all three detection methods for leakage testing must always 

be assessed according to the specific characteristics of the product.  

3. EXPERIMENTAL WORK 

In the first step of the research carried out, all three methods for leakage evaluation were experimentally 

compared. The evaluation was conducted in a team form through brainstorming. Each method was assessed 

in terms of three characteristics: test length, reliability in evaluation, cost of test equipment. The characteristics 

were rated on a 1-5 point scale (1 - worst, 5 - best). Table 1 shows the results of the evaluation. For each 

method, an overall evaluation was also performed in terms of all characteristics.   

Table 1 Comparison of methods for leakage evaluation 

Method  
Test Duration 

(1-5) 
Reliability in 

Evaluation (1-5) 

Cost of Testing 
Equipment  

(1-5) 

Total 

Air/air pressure drop method 2 4 4 10 

Leakage detection method - water 
test 

1 2 5 
8 

Spectrometric method - helium test 5 5 2 12 

In terms of the comprehensive evaluation, the spectrometric method (helium test) was determined to be the 

most suitable, with a total score of 12 points. However, its major disadvantage is the high cost of the testing 

equipment. The results of the evaluation are then clearly displayed in the form of a graph in Figure 6. 

Therefore, when choosing a given technology, it is always necessary to take into account all the specificities 

of the technology and the production process.   

The oil filter assembly line on which the research was carried out uses the air/air pressure drop detection 

method. The entire assembly process was evaluated by applying the bottleneck method. All individual 

operations were evaluated in terms of their duration and the performance of the workplace. Based on the 

analysis performed, it was found that the bottleneck of the entire assembly process is the output inspection 

Figure 4 Water test 

Figure 5 Helium test 
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which provides the tightness test. The total duration of this operation is 450 seconds. Even at ideal capacity 

utilisation, this output allows the production of 60 pieces per standard work shift. The second bottleneck in the 

assembly process was the final oil filter closing operation, which takes 220 seconds. 

 
Figure 6 Network graph comparing tightness test methods 

4. RESULTS AND DISCUSSION 

An evaluation of the performance of the oil filter assembly line revealed a bottleneck in the output inspection 

that verifies the tightness of the product. Based on the evaluation of the individual options for tightness testing, 

a decision was subsequently made to upgrade the technology within the workplace. Helium-based test 

technology was selected as a suitable alternative. Based on the testing performed, it was found that this 

technology allows the test to be performed in 90 seconds. Its use therefore means a substantial reduction in 

the duration of the test operation, which is currently 450 seconds. Despite significantly higher acquisition costs, 

the acquisition of this technology is cost-effective. The total output of the assembly line will increase by 200 % 

after the introduction of the new technology. With the new technology, the required production quantity is 

produced in 339 standard working shifts instead of the original 690. A detailed analysis of the implications of 

the implemented innovation is presented in Table 2.       

Table 2 Comparison of methods for leakage evaluation 

Test type 

Assembly 
line 

production 
capacity per 
shift (pcs) 

Daily 
production 
capacity in 
three-shift 

operation (pcs) 

Annual 
production 

capacity at 230 
working days 

(pcs) 

Number of shifts 
required to achieve a 
production volume 
of 41,400 pcs (days) 

Difference 

Air/air test 60 180 41,400 690 - 

Helium test 122 366 84,180 339 351 

The use of the new technology will have a major impact on the available capacity of the production line and its 

performance. The increase in the output of one operation will mean a real increase in the output of the entire 

workplace to twice the value.    

5. CONCLUSIONS 

On the basis of the research conducted, technology options for oil filter tightness testing were evaluated. The 

performance of the production line was limited by the performance of the output control workplace where the 

testing takes place. Based on the proposed changes and innovation of the testing technology, a 203% increase 
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in performance was achieved. The substantial increase in the performance of the entire line allowed the cost 

of the new technology to be offset. At the same time, it will also be possible to optimise other workplaces and 

their performance. This is then fully within the principles of the bottleneck theory. Increasing performance and 

eliminating all kinds of waste will become increasingly relevant for manufacturing companies in all production 

areas. However, identifying and eliminating the selected source of waste is a never-ending process to increase 

production efficiency, reduce costs and develop added value for the customer.     
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Abstract  

The metallurgy includes the oldest branch of technology and science of the humanity. Connected to this, the 

evolution of the technical installation, thermal or mechanical, has followed a similar impressing path. The iron 

and steel metallurgy had a fast evolution during time. The technical processes are in continuous changing, 

depending on humanity demands. Therefore, a study of this magnitude, embraces many aspects, including 

the geographic area. The present article limits only to some milestones regarding the evolution of the 

technologies and installations used for iron and steel manufacturing. 

Keywords: Metallurgy, iron, history, central Europe, Roman Empire 

1. INTRODUCTION  

There are presented in the article some processing technologies of iron ore in Europe, and not only, starting 

with the proto-metallurgy, using the surface material, before the human communities learned to exploit the 

underground ore deposits. It is necessary to mantion that the entire equipment was rudimentary, constructed 

by wood, burned clay or iron and had specific forms, seemingly a cavity. We have in view the primary extractive 

processes, but also processing methods as puddling, forging or casting. In the context of Central European 

and Middle East ferrous metallurgy the article presents some particularities and common aspects of each 

region [1]. 

Being a big demand for the wapons and tools, there has been an evolution of the iron ore processing 

instruments that has reflected in materials, shape and techniques. The main objective was to ease people's 

work and to increase their productivity. 

2. LOCATIONS AND MAPS  

Central Europe comprised most of the territories of the Holy Roman Empire and those of the two neighboring 

kingdoms to the east, Poland and Hungary. Hungary and parts of Poland were later part of the Habsburg 

monarchy, which also significantly shaped the history of Central Europe. Unlike their Western European 

counterparts, the Central European nations never had any notable overseas colonies due to their inland 

location and other factors. It has often been argued that one of the contributing causes of both World War I 

and World War II was Germany's lack of original overseas colonies. 

According to Emmanuel de Martonne, in 1927 the Central European countries were: Austria, Czechoslovakia, 

Germany, Hungary, Poland, Romania and Switzerland. The author uses both human and physical 

characteristics to define Central Europe [2]. Figure 1 presents the Central Europe following the evaluation of 

Emmanuel de Martonne. 
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Figure 1 Central Europe according to the geograph E. de Martonne 

The Roman Empire is the greatest place for the developement of the culture and the technology during the 

periode of its existence. Figure 2 presents the borders of the Roman Empire at the maximum period of its 

expansion [3]. 

 

Figure 2 The limits of the Roman Empire during of its maximum expansion 

3. LOCATIONS AND ARTEFACTS ON ROMANIAN TERRITORY   

Also, the entire equipment was rudimentary, constructed by wood, burned clay or iron and had specific forms, 

seemingly a cavity. Later, humanity began to understand the iron ore importance, starting to use iron for many 

activities. Figure 3 shows the iron furnace located in the western Romania.  
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Figure 3 Iron furnace in Ghelar, Romania 

Figure 4 presents the location of map of the main smitheries from Hunedoara county [5]. 

 

Figure 4 Location of the main smithereens in Hunedoara County, Romania 

4. TECHNOLOGICAL PROCESS TO OBTAIN THE IRON FROM IRON ORE      

It can be considered that the load and the physic-chemical process were the following [5]: 

 on the hearth was put embers then charcoal, 

 it loads iron ore and alternating charcoal and limestone,  

 lay a layer of fine iron ore then slag,  

 the furnace was covered with a layer of fine iron ore. 

The chemical reactions are the following:  

 C + O2 = CO2; H = -384 kJ/mol 
CO2 + C = 2CO; H= 169 kJ/mol 

____________________________ 

2C + O2 = 2CO; H = -215 kJ/mol 
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The theoretical combustion temperature would be 1400 0C and the real one, if you take into account the low 

efficiency of the furnace is 1350 0C. The burned gases (CO, CO2, H2, N2) crossed the loaded column, the 

period during which the CO reduction took place: 

Fe3O4 + CO = 3Fe + CO2 
FeO + CO = Fe + CO2  

Due to the low temperature, and the small ore column, the indirect reductions were almost insignificant. As the 

height of the furnace increases, the proportion of indirect reductions in all iron oxide reduction reactions has 

also increased. 

5. EXAMPLES FOR THE ANCIENT METALLURGICAL FURNACES 

In the next pages there are presented some ancient metallurgical furnaces, discovered in some area 

corresponding to the period of Roman Empire and Middle Age. In Figure 5 is depicted a copper pit furnace 

[6]. 

 
Figure 5 Section through a typical open pit copper mine showing the primary sulphide ore at depth and 

enrichment below the gossans (Ergani Moden, Turkey) 

Another interesting representation for iron production is depicted in Figure 6. It was discovered in Huttenberg, 

Austria [6]. 

 

Figure 6 Early Iron Age bowl furnaces from Huttenberg, Austria; dimensions in mm (after Coghlan) 

6. THE MIDDLE EAST 

Interesting aspects regarding the evolution of the metallurgy it is possible to find in Middle East, where the 

religious evolution has influenced the evolution of the metallurgy [7]. The area of reference is ancient Judea, 

where are also interesting artefacts regarding the metallurgy. In Figure 7 is presented the above mentioned 

area during the Roman Empire. 
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Figure 7 Judaea Province during the first 

century [8] 

 

Figure 8 Types of tuyeres found at Tel Zeror, Israel 

Canaan was inhabited by peoples who possessed a high level of metallurgical development and creativity. 

Coming into contact with these peoples, the Jews were able to assimilate new metallurgical technology, the 

exception being the processing of iron [7]. For example, in Figure 8 are presented types of tuyeres in Israel. 

7. METALLIC COINS - AN ECONOMIC AND HISTORICAL ASPECT OF PALEO - METALLURGY 

The history of coins stretches back to the first millennium BC/BCE. Notable examples of early coins include 

the Lydian coins, Persian coins, and Arabic coins. Later, there are Roman and Greek coins. The metal used 

was bronze, silver and gold. Coins were first made of scraps of metal by hitting a hammer positioned over an 

anvil. The Chinese produced primarily cast coinage, and this spread to South-East Asia and Japan. Although 

few non-Chinese cast coins were produced by governments, it was a common practice amongst counterfeiters. 

The Lydian Lion coins were made of electrum, a naturally occurring alloy of gold and silver but of variable 

precious metal value [9]. The royal lion symbol stamped on the coin, similar to a seal, was a declaration of the 

value of the contents. These directly preceded ancient Greek coinage, through which Rome begot all Western 

coinage. Indian coinage has largely been a product of Greek, Roman, and Islamic influences.  

During the Roman Empire a lot of interesting coins were used. The most moving story of all time, the story of 

Jesus of Nazareth, has been told in several versions, over and over again. But have you thought about telling 

it about it with the help of the original coins circulated? In Figure 9 there are presented some coins in circulation 

during this period. 

 

Figure 9 The historical coins, which were minted in Judea and used during the life of Jesus; the first of these 

(a, b) - the “prutah” of Herod the Great, was beaten during the birth of Jesus during the reign of the king; the 

second, coin (c,d) - Pontius Pilate's “prutah”, is associated with the crucifixion of Jesus, which was, are also 

Roman coins 

a b   c   d  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

823 

We have also to mention the gold coins from Dacia and the Greek colonies, on the Danube River. In Figure 10 

is the “kosson” (a Dac coin, originally in gold) and in Figure 11 the Greek coin from the Black Sea colonies. 

 

Figure 10 The Dac coin “kosson”, in gold 

 

Figure 11 Greek coin “iΣτPIH” (istrii) 

8. CONCLUSIONS 

The present paper is only a short overview of the most important technology in the evolution of the humanity. 

It started some millenniums ago and is developing more and more today.  

The analysis has in view the primary extractive processes, but also processing methods as puddling, forging 

or casting. In the context of Central European and Middle East ferrous and nonferrous metallurgy the article 

presents some particularities and common aspects of each region. Certainly, we have to continue the 

researches in documents, literature as well as on the field using specific method of investigation. We hope to 

increase the investigation area and methodologies. 
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Abstract 

This work deals with the utilization of waste heat of steel plants to generate electricity, using Stirling engine. It 

also deals with the design and connection of Stirling engine in the stack of metallurgical plant to utilize the 

waste heat energy to generate electricity. The focus of the paper is on optimization of power generation to 

achieve the highest efficiency of the engine. The efficiency improvement is achieved by measuring the 

temperatures at the cooler and heater and then controlling the flow of fluids that transfer energy to the motor. 

The Stirling engine is connected via a clutch and gearbox to an alternator which converts rotational energy 

into electrical energy. The control is implemented by a microcontroller and control elements such as taps and 

brake. The electricity generated in this way could be used to power the plant's measuring elements or to light 

the plant. The aim of this work is to design a power generator that uses the waste heat of metallurgical plants 

to save electricity. 

Keywords: Stirling engine, generator, waste heat, regulation  

INTRODUCTION 

Metallurgical plants are technical workplaces equipped with heating furnaces to heat the material to working 

temperature. Heating furnaces in metallurgical plants are divided into solid fuel and electric furnaces. Solid 

fuel furnaces burn either natural gas or coke oven gas. Electric furnaces are divided into resistance, arc and 

induction furnaces. In resistance heating furnaces, heat is generated by means of a resistance wire (heating 

element) which is heated to a high temperature by the passage of an electric current. Arc heating furnaces 

generate heat by means of an electric arc that is generated between the electrode and the material to be 

heated. Induction furnaces heat the material by means of the electrical induction that occurs between the coil 

(electrode) and the material. In this process, not all of the thermal energy is used and some of it is lost in the 

form of waste heat Figure 1, which can be used to preheat technologically important variables or is taken as 

waste. In the case of waste heat, the energy is removed from the furnace working space through the chimney 

and discharged into the air as flue gas Figure 1 number 2. [5,6].   

 

1) Materiál heating zone 

2) Waste heat removal zone 

Figure 1 Diagram of the metallurgical plant  
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For economic reasons, a Stirling engine could be used to convert this waste heat back into electrical energy 

that could be used to run the metering elements of the smelter. The electrical energy generated in this way 

could be used to power low voltage elements such as, for example, flue gas or air quality sensors in the plant 
[1,4,7].    

The Stirling engine is a thermal machine working on the principle of cyclic compression and expansion of gas. 

The working gas is compressed in the cold cylinder Figure 2 of the engine and expands in the warm cylinder 

where it increases its volume due to thermal expansion. In this way, thermal energy is converted into 

mechanical work. The working gas is in a closed circuit, which means that there is no exchange of working 

gas, but only a transfer of energy. The Stirling engine is characterised by its regenerator, which is a heat 

exchanger that stores heat energy between compression and expansion of the gas. A heater and cooler are 

required to supply the energy. The heater is designed to supply energy to the hot cylinder of the engine and 

the radiator is designed to cool the cold cylinder of the engine. The Stirling engine was invented as a competitor 

to the steam engine in 1816 but its use was only for situations where high power was not needed. The efficiency 

of the Stirling engine is up to 40 % which is more than the steam engine. This type of engine is known for its 

quiet operation and the ability to use any heat source. For this reason, it is nowadays suitable as an alternative 

renewable energy source, for example in microgeneration [1,7].     

 

1) Regenerator 

2) Cold roller 

3) Piston 

4) Piston rod 

5) Crankshaft 

6) Warm roller 

 

Figure 2 Stirling engine diagram 

The heating is realized in a closed hydraulic circuit by means of a heater and a circulating pump Figure 3, 

which allows heat transfer by convection. The circuit consists of a heat exchanger into which the fluid is fed by 

a circulating pump. This fluid then flows to the hot cylinder of the Stirling engine where it feeds energy to the 

engine's hot cylinder. The cold cylinder of the engine must be cooled in order for work to be carried out. The 

cooling process is guaranteed by the cooling circuit, which consists of a radiator, a fan and a circulation pump. 

The circulator brings fluid to the cooling part of the cylinder where it extracts energy from the cold cylinder and 

delivers it to the radiator which transfers this energy to the radiator surroundings. The cooler may also include 

a fan which increases the efficiency of the cooler [4,7]. 

The aim of this work is to design a power generator that uses the waste heat of metallurgical plants in order to 

save electrical energy. Furthermore, the design of the control of the system and the design of the power 

transfer to the Stirling engine. 
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1. TECHNICAL SOLUTION 

 
Figure 3 Stirling engine cooling and heating scheme 

1) Heater  
2) Circulation pump 
3) Stirling engine 
4) Circulation pump 
5) Cooler 

 

The engine crankshaft will be connected to an alternator via a controlled clutch and variator which is one type 

of power generator. A generator is an electrical device that converts the rotational energy of the drive shaft 

into electrical voltage Figure 4. A generator that generates DC voltage is called a dynamo, which is not much 

used nowadays because of its maintenance requirements. A generator that generates alternating voltage is 

called an alternator. AC voltage is generated by electromagnetic induction. Electromagnetic induction is the 

process by which an electrical voltage is induced when a conductor moves in a magnetic field. Alternators can 

be single phase, two phase or three phase. The induced voltage can then be rectified by a rectifier [3]. 

The generator is controlled by a microprocessor, which evaluates from the measured values the appropriate 

response for the regulatory authorities. Hence, for this reason of control solution we talk about In-Line control 

or the whole process is controlled by the control computer instead of the controller [2,3]. 

Figure 4 power generation block diagram 
1) Fuel  
2) Heat  
3) Rotational energy 
4) Voltage 

Ortant variables in the system will be the temperatures of the working cylinders, the cooler and heater 

temperatures, the fluid flow in the cooler and heater circuits and the speed of the Stirling engine output shaft. 

Pt100 resistance thermometers, or a thermometer operating on the principle of resistance change with 

temperature, will be used to measure the temperatures in the heating and cooling circuits. Pt100 means that 

the thermometer has a resistance of 100 Ohms at a temperature of 21 °C. The temperature information is 

important because if there were a significant difference in temperature between the heater and the hot engine 

cylinder, the fluid flow in the hydraulic circuit would have to be increased. A similar problem would arise with 

the cold circuit if the cold cylinder was significantly warmer than the radiator temperature, this would mean that 

the cold cylinder is not being cooled optimally and the flow rate in the cooling hydraulic circuit would need to 

be increased, or a fan attached to the radiator would need to be switched on to facilitate heat dissipation to the 

surroundings. The flow rate will be measured using a vane flowmeter, which works by generating electrical 
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power through the rotational motion of the vanes which are rotated by the flowing fluid. The flow rate 

information is important in order to give the microprocessor feedback as to whether liquid is flowing at all in 

the heating and cooling circuit. The speed measurement will be provided by an optical tachometer which works 

by counting the dot on the rotating shaft. It divides the count by 60 and then provides information on how many 

times it has seen that dot per minute. The measured value of the speed is significant because of the speed 

control by means of a variator. If there were no speed control by the variator, a situation could occur where the 

alternator would load the engine so much that it would stall.  

2. MACHINE OPERATION 

When the desired temperature difference is reached at the heater and cooler, a signal will be sent to the 

circulators which will transfer the energy to the engine's working cylinders. A signal will then be sent to the 

starter which will move the crankshaft, resulting in the Stirling engine being put into operation. Once the Stirling 

engine is in operation, a controlled clutch will be engaged to connect the engine shaft to the variator which will 

continuously increase or decrease the gear ratio to the alternator. The electrical voltage is then rectified and 

fed to the batteries to compensate for variations in the alternator output voltage.   

3. CONCLUSION 

In this paper, a design solution for the energy supply of a Striling engine, which uses the energy of waste heat 

of the flue gas in metallurgical plants, was proposed. Furthermore, the control of the whole system and the 

design of the system that feeds the energy to the Stirling engine was proposed. This solution could be used 

for metallurgical plants to reduce the cost of operation. This generated electricity could be used as a source 

for sensors in the metallurgical plant such as the flue gas sensor, or it could be used to power the lighting of 

the plant. 
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Abstract 

The paper contains new knowledge about the expansion of technologies associated with Industry 4.0 and 

digitalization in selected companies including metallurgical companies in the Czech Republic and evaluates 

the intensity of business process innovation with a focus on internal processes implemented in companies. A 

probe was implemented which was purposefully focused on the analysis of statistical data on innovation 

activities in innovative companies including metallurgical companies in the Czech Republic in the period under 

study by. The processing of statistical data obtained by the CZSO by a survey made it possible to obtain more 

detailed overviews of the relative frequencies of enterprises that implemented individual types of process 

innovations in the period under study and that have introduced some of the elements or tools of Industry 4.0 

and the digitalization. The importance of innovation for the continued existence and development of the 

company is recognized especially by large companies and companies under foreign control. Many of these 

companies are already applying technologies associated with Industry 4.0 and the digitalization and they are 

moving towards the creation of a digital enterprise. On the contrary, the implementation of innovation activities 

and the use of technologies associated with Industry 4.0 in small and medium-sized companies is low. The 

main obstacle is insufficient funding for new technologies and human resources. 

Keywords: Innovation activity, business process Innovation, internal process Innovation, Industry 4.0, 

digitalization of business processes 

1. INTRODUCTION 

Currently, business process innovations are based primarily on technologies that are associated with Industry 

4.0 and the digitalization. Digitalization contributes to the strengthening intelligent automation, replace human 

activity with robots, cobots or computer programs. It is the digitalization of business processes that is reflected 

in lower costs and higher quality of production [1]. It allows you to respond quickly to individualized customer 

requirements, while achieving costs as in mass production. Digitalization enables companies in the 

manufacturing industry to simulate, test and optimize processes. Automated data collection and evaluation 

allows processes to be constantly monitored and improved [2].  

Implementation of the Industry 4.0 concept leads to the creation of a digital enterprise in which digitalization is 

introduced in all phases of the value chain, including subsequent smart analysis and evaluation [3].  This 

process allows us to obtain feedback in the form of recommendations for digitalization. Digitalization also 

represents an opportunity for companies to modernize business models, activities and strategies in order to 

increase competitiveness and profitability [4,5]. 
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The coronavirus crisis has caused a sudden need for a significant intensification of innovation activities - 

product portfolio transformation and especially changes in processes (reducing the need for physical human 

presence, the need for remote human interaction in processes, increasing the clarity of complex processes, 

etc.) or process location changes. The question arises in this context - how intensively companies have 

developed the innovation activities of their processes in previous years and whether they have a solid base to 

build on [6]. 

The aim of the paper is to establish more detailed knowledge on the intensity of the use of technologies related 

to Industry 4.0 and the digitalization of business processes in different sectors of the economy and in innovative 

firms with regard to their size and ownership and in companies producing metals, metallurgical and 

metalworking products (24-25). At the same time, to investigate in innovative firms how different types of 

internal process innovation are represented and to what extent the intensity of these activities varies according 

to the size and ownership of the company. 

2. METHODOLOGY AND METHODS 

The subject of research is innovation activities in the field of business process innovation with a focus on 

internal process innovation. According to the subject-matter, the innovation of internal processes is divided 

into four groups on the basis of the Oslo Manual [7]. The first group consists of innovations in the method of 

production and provision of services. The second group includes innovations in the method of supply, storage, 

distribution and other logistics activities. The third group includes innovations in the processing of corporate 

information or communication within the company and the fourth group includes innovations in the 

administrative processing or business accounting.  

The data for the analysis are based on a survey on innovation activities by the Czech Statistical Office for the 

period 2016-2018, which was published in June 2020. The survey is conducted in two-year cycles and is 

coordinated by Eurostat, subject to Commission Implementing Regulation (EU) No. 995/2012 of 26 October 

2012 Implementation Decision No 1608/2003 / EC of the European Parliament and of the Council concerning 

the production and development of Community statistics on innovation. The Czech Statistical Office used a 

harmonized Eurostat model questionnaire to collect data on companies' innovation activities. CZSO edited the 

questionnaire to a national (shorter) version with several national questions. 6,685 companies from selected 

areas of industry and services (financial and non-financial) with at least 10 employees based in the Czech 

Republic were contacted. The net rate of return (number of questionnaires used) was 85 %. The questionnaire 

and the results prepared by the CZSO in tabular form are published according to the following aspects: the 

Czech Republic as a whole, by company ownership (domestic enterprises - foreign enterprises), by enterprise 

size (small: 10-49 employees; medium: 50-249 employees; large: 250 and more employees), by field of 

business (sections according to CZ-NACE), by regions of cohesion (CZ-NUTS). 

There was performed its own probe carried out purposefully focused on business process innovations and 

specifically on internal process innovations for the period 2016-2018 based on the data published by the 

CZSO. Comparison was made in some aspects within the period 2014-2016. Attention is also focused on 

metallurgical enterprises, which according to the CZ-NACE classification of economic activities are classified 

in the manufacturing industry section and in sections 24 and 25. Enterprises in these sections are 

technologically interlinked and, with regard to the technologies used, are part of the MEDIUM LOW-TECH 

sector.   

3. RESULTS OF THE PERFORMED ANALYZES 

The results of the statistical survey of innovations for the period 2016-2018 show that companies in the Czech 

Republic implemented more innovations in business processes (40 % of companies) than product innovations 

(27 % of companies) in the implementation of innovation activities. Companies focused mostly on internal 
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process innovations (32.3 %), followed by innovations related to organizational changes (23.10%) and 

innovations in marketing methods (22.20%) within business process innovations. 

The paper pays attention to internal process innovations which in 2016-2018 were implemented in 32.30 % of 

companies according to CZSO data. That is an increase of 4.6 percentage points compared to the previous 

period 2014-2016 (i.e., 27.70 % companies).  

3.1. Analysis of the frequency of companies with internal process innovations 

It was found that the relative frequency of companies with internal process innovations that are under foreign 

control is more pronounced (43.00 %) than in companies with domestic owners (29.30 %). The share of 

companies innovating internal processes differs according to size. While in the category of small enterprises 

were introduced internal process innovations only in 27.50 % of enterprises and more than half (57.50 %) in 

large companies. 

Figure 1 shows the differences in the representation of enterprises with internal process innovations according 

to economy sectors, including a comparison with the national data for the period 2014-2016 and 2016-2018. 

 

Figure 1 Comparison of shares of companies that introduced internal process innovations in 2014-2016 and 

2016-2018 - by sector of industry [8] 

The sectors are arranged in the chart for the period 2016-2018 in descending order according to the shares of 

companies with internal process innovations in the total number of companies in the given sector. By sector 

of the industry, the sector of information and communication activities dominates in the period 2016-2018 with 

44.10 % of companies in this sector introducing internal process innovations. This is followed by the financial 

and insurance sectors (39.40 % of enterprises) and the manufacturing industry (36.10 % of enterprises). The 

share of companies with internal process innovations significantly exceeds the national share in these three 

sectors even in previous period 2014-2016. On the other hand, the least (well below the total share of 

companies in the Czech Republic innovating internal processes) are represented in 2016-2018 internal 

process innovations in the transport and storage sectors (15.60 %), water supply, including water waste-related 

activities (17.70 %) and mining and quarrying (25.70 %). There was a significant improvement in the mining 
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and quarrying sector (by 13.7 percentage points) and in wholesale trade, with the exception of motor vehicles 

(by 11.7 percentage points) compared to the period 2014-2016. 

According to statistical data for the period 2016-2018, enterprises producing metals, metallurgical and 

metalworking products (24-25) implemented internal process innovations more (38.4 %) than enterprises in 

the manufacturing industry (36.1 %). When innovating internal processes, enterprises producing metals, 

metallurgical and metalworking products (24-25) focused most on innovating production or services provided 

(30.2 %), followed by processing of business information e.g. new information system, better security of 

existing IS, etc. (18.8 %), processing of administration or accounting of the enterprise (14.9 %), and 

implementation of logistics activities (10.5 %).   

3.2. Analysis of the use of technologies associated with Industry 4.0 and the digitalization of 
business processes  

The analysis of the use of technologies related to Industry 4.0 and the digitalization of business processes was 

carried out with regard to the size and ownership of the innovative company and at the same time to selected 

industries in the manufacturing industry. It was found that non-innovative companies also use technologies 

related to Industry 4.0, mainly data collection using digital sensors (19.10 %) and cloud computing (11.90 %), 

but the share of non-innovative companies in the use of other researched technologies is very low and did not 

exceed 4 %. Therefore, we will focus only on innovative companies. Table 1 represents occurrence of 

individual technologies in innovative companies for the Czech Republic as a whole. The survey shows data 

collection (using digital sensors, cameras, GPS, etc.) is the most represented technology in Czech innovative 

companies (44.10 %). However, it shows that not even half of the companies owned this technology at the 

date of the survey. 34 % of companies use cloud computing services, followed by the application of devices 

for the Internet of Things, big data analysis, the use of industrial and service robots and 3D printing. More than 

10 % of companies have these technologies mentioned above but their share does not exceed 15 %. The use 

of artificial intelligence elements is still very low (5.90 % of companies).  

Table 1 Representation of individual technologies associated with Industry 4.0 and the digitalization of  

             business processes [8] 

Selected technologies associated with Industry 4.0 and the 
digitalization of business processes 

The share of innovative enterprises that have 
introduced tools 4.0 and digitalization in the 
total number of enterprises with innovation 

activities 

Data collection using digital sensors, cameras, GPS, etc. 44.10 % 

Cloud computing services 34.00 % 

Deployment and development of devices with connectivity for the 
Internet of Things 

14.20 % 

Analysis and work with big data 13.40 % 

Industrial or service robots 13.90 % 

3D Print 11.00 % 

Use of elements of Artificial Intelligence 5.90 % 

The relative frequencies of companies that used selected technologies expressed as a percentage of 

companies with innovation activities are shown in Figure 2. Companies could list more than one type of 

technology and therefore the sum of the relative frequencies does not give 100%. Figure 2 shows that selected 

technologies associated with Industry 4.0 and the digitalization of business processes were mostly used by 

large companies and companies under foreign control. Large companies mainly used from the selected 

technologies - data collection using digital sensors, cameras, GPS, etc. devices (76.90 %), with a greater 
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distance of cloud computing services (48 %) and industrial or service robots (44.70 %), as well as analysis and 

work with big data (33 %), 3D printing (29.10 %) and the introduction and development of devices with 

connectivity for the Internet of Things (24.80 %) and the least used elements of artificial intelligence (9.50 %). 

Small companies mostly used data collection using digital sensors, cameras, GPS, etc. devices (34.10 %) and 

cloud computing services (31.90 %). Other technologies such as the deployment and development of devices 

with connectivity for the Internet of Things, analysis and work with big data, and the use of artificial intelligence 

elements were used twice less in small companies than in large enterprises. 3D printing (6.90 %) and elements 

of artificial intelligence (4.90 %) were used the least. 

 

Figure 2 Share of innovative companies that used individual technologies associated with Industry 4.0 and 

the digitalization of business processes - by ownership and size of the innovative company 

After detailed analysis of the use of selected technologies with regard to Industry 4.0 and the digitalization of 

business processes (Figure 3) it was found that three sectors (production and distribution of electricity, gas, 

heat and air; water supply; mining and quarrying) do not use industrial or service robots, 3D printing and 

artificial intelligence elements at all.  

Data collection using digital sensors, cameras, GPS, etc.  are mostly used by four sectors (transport and 

storage; water supply including waste - related activities; manufacturing; mining and quarrying). Cloud 

computing services are mostly used by four sectors (information and communication technologies; finance and 

insurance; production and distribution of electricity, heat and air; scientific and technical activities). Information 

and communication sector (19 %) uses the elements of artificial intelligence most intensively. To this can be 

added the knowledge according to the publication Slávik [9] that currently artificial intelligence is used mainly 

in communication with the customer through a virtual assistant or there are introduced chatbots. Chatbots are 

used for automated communication with people,  replacing e. g.  workers in call centre. Another sector that 

makes significant use of artificial intelligence is the financial and insurance sectors (10.80 %) - e.g. in 

determining premiums, tariffing products or speeding up claims, i.e. activities that have clear rules and can be 

standardize. 
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Figure 3 Share of innovative companies that used technologies related to Industry 4.0 and the digitalization 

of business processes by industry sectors 

A closer comparison of enterprises producing metals, metallurgical and metalworking products (24-25) with 

the total number of enterprises in manufacturing (Figure 4) shows differences in the use of technologies 

related to Industry 4.0. Compared to the total number of enterprises in the manufacturing industry, enterprises 

producing metals, metallurgical and metalworking products (24-25) are more likely to implement data collection 

using digital sensors, cameras, GPS, etc. devices, use industrial or service robots, use artificial intelligence 

elements and analyze and work with big data. Conversely, they make less use of cloud computing services, 

deployment and development of devices with connectivity of things and 3D Print. 

 

Figure 4 Share of innovative companies that used technologies related to Industry 4.0 and the digitalization 

of business processes by manufacturing industry 
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4. DISCUSSION AND CONCLUSION 

The processing of statistical data obtained by the CZSO by a survey made it possible to obtain more detailed 

overviews of the relative frequencies of enterprises including metallurgical enterprises that implemented 

individual types of process innovations in the period under study and that have introduced some of the 

elements or tools of Industry 4.0 and the digitalization.   

The representation of individual elements of Industry 4.0 and the digitalization is greatly influenced by the 

peculiarities of individual fields of activity. For example, 3D printing has been included among the least used 

technologies in comparison. Companies consider using 3D printing especially in production sectors and in 

those sectors of services where they use tangible products or tools. Therefore, absolute conclusions cannot 

be made from the performed analyses. Furthermore, it is quite logical that in the period under study when the 

technologies of Industry 4.0 and the digitalization in companies began to take off gradually, data collection 

using digital sensors, cameras and GPS were the most represented. Businesses must first be able to obtain 

detailed data on real processes in order to start using more advanced tools such as Internet of Things, digital 

twins, artificial intelligence. For metallurgical enterprises (24-25), the most used technologies associated with 

Industry 4.0 are: data collection using digital sensors, cameras, GPS, etc. devices and, at roughly the same 

level, cloud computing services and the use of industrial or service robots. 

The importance of innovation for the continued existence and development of the company is recognized 

especially by large companies and companies under foreign control. Many of these companies are already 

applying technologies associated with Industry 4.0 and the digitalization and they are moving towards the 

creation of a digital enterprise. On the contrary, the implementation of innovation activities and the use of 

technologies associated with Industry 4.0 in small and medium-sized companies is low. The main obstacle is 

insufficient funding for new technologies and human resources. According to a survey by the Confederation of 

Industry of the Czech Republic [10] small and medium-sized enterprises with a turnover of over CZK 30 million 

engaged in serial production, such as suppliers to the automotive industry, invest in automation and 

robotization. Automation is disadvantageous in terms of return on investment for owners of smaller companies 

operating in the custom production segment.  
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Abstract 

The paper deals with the processes of digitization of metallurgical processes, its possibilities and limitations 

caused by the specifics of these operations. Digitization is the process of introducing the use of digital 

technologies in various areas of production and society. In general, digitization seeks opportunities based on 

digital technologies that streamline and improve the operation of processes and services. 

Most companies, and therefore also in metallurgy, are today overwhelmed by a number of routine, often 

repetitive activities and processes. They often consume valuable (and expensive) human resources, which 

then do not have time for conceptual work with higher added value. 

Keywords: Digitization, business processes, models, metallurgy 

1. INTRODUCTION 

With the approach of the Industry 4.0 concept, it is necessary to change the point of view to new technologies, 

modernize the production process and the overall approach in the field of heavy industry. The use of an ever-

increasing volume of data, and especially their processing, is critical for companies in this field. This can be 

achieved, for example, by changing commonly used computational models for newly implemented options 

such as: digital twin model, machine learning, artificial intelligence, etc. This can streamline the production 

process, faster retraining, or direct training of new / existing employees to the customer up to the already 

mentioned production or improvement of the system of predicting the consumption of production materials 

together with the production of castings [1,2].  

2. INDUSTRY 4.0 

Since the first mention in 2011, over 11 years the date of the fourth industrial revolution has enjoyed increasing 

interest from a number of researchers, companies, but also individuals without technical background. This idea 

supports the emergence of so-called "smart factories" to replace systems that use human activity in repetitive 

and simple production processes / tasks for robotic work together with automatic production lines, etc. The 

aim is to improve production processes through ever-increasing levels of digitization and combine it with 

business factors (storing a smaller amount of material, only for a given order; streamlining maintenance; 

monitoring of all possible production processes) [1,2].  

Internet of things 

Almost every second, more than 200 devices connect to the Internet, which no longer use people as 

intermediaries for their own communication. This trend of digital change is being followed by more and more 

companies in the world, and of course the number of devices is constantly increasing. By 2025, their growth 

is expected to exceed 75 billion [3].  
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Data processing can be solved in the device using machine learning, which is built directly into it or are 

collected and analyzed by an external device, or sent to the cloud, where further work with data takes place. 

Connection and communication are taken care of by communication and interconnection protocols, e.g. 

(AMQP, DTSL, DDS or CoAP) wireless (RFID, LPWAN, NFC, Bluetooth), but it is also possible to use satellite 

connection and mobile networks [3,4].  

Administration of IoT 

Of course, these devices must not have their security, power options, availability of integration in the given 

environment, remote administration and organization forgotten. This is safely solved by the device 

management functions: 

 Activation with registration 

 Authorization / verification 

 Configuration 

 Establishment 

 Monitoring and diagnostics 

 Firmware update 

 Troubleshooting 

The companies that provide software and services for the administration include (Microsoft, Google, Amazon, 

Siemens, etc.).  

3. ARTIFICIAL INTELLIGENCE TOOLS USABLE IN DATA PROCESSING AND ANALYSIS 

The issue of deeplearning and its application lies in the need for practice, not programming on big data and 

how to behave in different situations. The disadvantage of these applications is the tendency to misinterpret 

data and the necessary presence of a team of specialists in the issue to determine the correctness of the 

application output [4].  

For the correct analysis of the text, it is necessary, as with other analyzes, to create the largest possible 

database of precisely given documents, in which the content is explained systematically (occurrence of words, 

vector description of the language, etc.). The system can then cope when the same word or sentence appears, 

but in a completely different context [4].  

Even in the case of spoken word recognition, artificial intelligence must first learn to understand through big 

data an audio recording along with a textual one that corresponded to the same content. For even better 
results, the audio track is masked and distorted differently so that it can be recognized from all kinds of sources 

and in different environments (personal assistant on mobile, Google, Siri, etc.) [4-6].  

Other analyzes include image processing. Recognition of the letters of a distressed text can be realized even 

without deep learning, the challenge here comes only from the analysis of handwritten text. Nowadays, this 

discipline is mainly used for face recognition from camera recording. The image is usually divided into 

appropriate levels, which can then be further evaluated and used to identify clear trends [5,6].  

4. DATAMINING METHODOLOGY IN METALLURGICAL INDUSTRY 

The method of processing operational data can be described in the following steps: 

Definition and understanding of the problem, subsequent definition of required data, data collection, data 

preparation including their qualitative control, data processing using SW, evaluation together with 
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understanding of the obtained results, their interpretation, and finally further use of knowledge (for the control 

model). 

First, it is necessary to specify the requirements as accurately as possible (series of questions to obtain 

requirements for output requirements, etc.). These include analysis of material, energy and information flows, 

environmental costs, this information can be obtained from already established management systems, SCADA 

systems, predictive maintenance, or operator management. All data is now assessed for the purpose. Data 

collection mostly depends on the metallurgical technology we research. Data preparation means their 

transformation, selection, cleaning, formatting, integration or even supplementing certain missing elements. 

The software used for data processing can be divided into three categories: specially developed (adapted to 

various assignment specifics), general (KNIME, MATLAB, WEKA, etc.), commercial. Last but not least, the 

evaluated data can be used for the interpretation of the identified deficiencies and their elimination, optimality 

of the state of control systems, field instrumentation and given technologies, sufficiency of storage of 

operational data [5,6].  

5. VIRTUAL MODEL OF FOUNDRY 

Creating a virtual model practically means converting real things, in our case a foundry with its processes into 

a simulation. Everything should work as it really is, but only as their image. 

Digital twin 

The biggest advantage of the digital twin is the ability to simulate, diagnose, monitor, control and predict the 

behavior of selected physical objects. The foundry's digital twin would include not only the actual representation 

of the real foundry, but also the elements of its production process, whether we are talking about logistics, 

financial planning, maintenance, time management and other sub-processes. Figure 1 shows all these 

processes. As this virtual model of the foundry will be hardware intensive, the use of the cloud is recommended 

here. 

 

Figure 1 Process of virtual foundry [own elaboration] 

6. APPLICATION 

To select a suitable solution, it is always necessary to gather as much information as possible. Thanks to this, 

the whole procedure can be simplified and possible situations that would lead to redesign or, worse, the 

creation of a completely new solution can be eliminated. 

To create a virtual 3D model of a real foundry could be achieved in various ways (scanning equipment, 

modeling software). 

The interactive software application was eventually created by a combination of the Blender modeling program, 

Unity software and the C # programming language. The display takes place on a computer monitor and is 
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controlled using keyboard and mouse inputs. The main goal is not only to display the 3D model of the foundry, 

but also the possibility of interaction with the foundry's objects with a real simulation of physical laws similar to 

those on earth. 

After creating the terrain, it was necessary to add the equipment and the foundry building according to the 

photo documentation (Figure 2), each component had to be modeled separately in the Blender program and 

then imported into the Unity scene.  

 
Figure 2 Plan of foundry [own elaboration] 

The resulting device models in the virtual foundry application are interactive according to the specification 

(Figure 3). Click on the melting furnace to display information about the furnace, temperature, melt size and 

its purpose. Furnaces are regulated by thermocouples using PLC. Other equipment includes: Casting molds 

for casting aluminum alloys, holding furnaces (same regulation as melting furnaces), gravity casting table and 

NTL casting mold, and finally an adjoining office building. 

 

Figure 3 Virtual Foundry [own elaboration] 
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7. CONCLUSION 

The theoretical part contains a description of the key topics for this work. There is a general description of 

Industry 4.0, and there is also a mention of the Internet of Things. The following chapters approach the issues 

of artificial intelligence, deeplearning and the digital twin. The last part focuses on the actual production of a 

virtual model of a real foundry, which was created by a combination of Blender and Unity programs. With this 

application, you can facilitate the training of new employees, or use the connection of a virtual foundry with 

real data mining to improve production processes or just read real data. The advantage of this application is 

its ease of use and interpretation using a keyboard / mouse and a computer with a screen. 
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Abstract 

The research objective was to diagnose aluminum gearbox castings using the proposed diagnosis 

methodology and pro-quality analysis. The study identified the most severe non-conformity (in terms of 

frequency of occurrence and its consequences) - the sandblasting within the casting base. The presence of 

forming compounds in the liquid melt contributing to the most severe non-conformity was identified as the 

critical cause of the loss of quality stability of the process. So far, no pro-quality analyses have been performed 

in the company using a sequence of quality management methods. As a result, the implemented corrective 

actions have not led to the full achievement of quality objectives, which indicates the validity of the actions 

taken. Combining the analysis of types of nonconformities and quality management methods is a universal 

way to facilitate supervision and ensure appropriate product quality. Further studies will refer to the 

performance of pro-quality analyses for other products offered by the company.  

Keywords: Mechanical engineering, quality engineering, quality management, casting 

1. INTRODUCTION  

Currently, foundry companies are looking for solutions to ensure their sustainable success and stable position 

in the market [1,2]. An essential element for almost every industry is castings. The production of which, while 

maintaining high quality, involves monitoring a considerable number of technological parameters [3,4] affecting 

the quality of the final product [5,6]. A significant difficulty occurring during the realization of the casting process 

is the impossibility of simultaneous control of all factors of this process. The completion of production in the 

casting technology is associated with many difficulties that cause the formation of inconsistencies in products. 

A significant variety of material discontinuities appearing in castings is a consequence of the specificity of 

casting manufacturing technology, which consists of technological operations related to the design and then 

manufacturing of the casting mold and the technology of melting the liquid alloy [7, 8]. The high quality of the 

obtained castings may also determine the quality of the special coatings [9,10] applied later, particularly 

corrosion resistance [11]. 

Due to the increase in the complexity of the manufactured structures and thus the increase in the requirements 

for the used components, it has become necessary to perform technical and material tests. In terms of ensuring 

a certain level of quality of casting products, an important issue is control, both about the process itself and 

the correctness of casting manufacturing [12]. Therefore, choosing the proper technological parameters 

[13,14] that steer the process and control methods in inter-operational and final quality control is necessary. 

The effective detection of nonconformities in aluminum products is one of the crucial steps in the casting 

process improvement activities. As a part of the quality stabilization of the process, it is necessary to eliminate 

the source causes of the nonconformities occurrence thanks to the tests, analyses of the results, and 
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implementation of adequate corrective actions [15]. Such an approach enforces and implies an appropriate 

selection of both the technological parameters stabilizing and improving the process and the choice of 

adequate methods and tools of quality management, positively affecting the achievement of the expected level 

of product quality and, thanks to that, the organizational and financial benefits [16]. In the literature on the 

quality assurance of production processes, the issue of the implementation of quality analyses supported by 

individual instruments and tools of quality management is not uncommon [17]. In this regard, the literature also 

indicates the creation of models for optimizing the course of production processes [18]. However, there is still 

a noticeable lack of studies presenting integrally configured methods of detection and pro-quality analysis that 

would support the performance of in-depth causal reviews of production - identifying the root cause of 

nonconformities. Given this, it is reasonable to develop a diagnostic-analytical model based on the sequential 

adjustment of activities that enable detecting and investigating nonconformities in castings in combination with 

quality management methods. The output from one tool is the input to the next. 

2. ANALYSIS 

2.1. Aim and scope of the study  

The research aimed to diagnose aluminum gearbox castings using the proposed diagnosis methodology and 

pro-quality analysis. The diagnosis was carried out within the interoperative and final quality control framework. 

The activities that had been undertaken within the research framework also included the identification of areas 

most exposed to the occurrence of non-conformities and the analysis of the origin of the causes of defects in 

castings. Due to the loss of stability in the production process and thus a significant increase in the identified 

non-conforming products - an increase of 5.5 % compared to the past quarter was recorded. The analysis 

referred to castings made in Q4 2021. Quality control of castings included verifying the product structure and 

surface using non-destructive testing and visual inspection.  

2.2. Object of the study 

The research subject was a casting of a gearbox used in light vehicles in the automotive industry. The research 

object, 600 mm x 500 mm x 150 mm, is cast from an AlSi7Mg0.3 alloy by gravity using sand molds. The 

AlSi7Mg0.3 alloy (EN AC-42200) used in the company is applied to cast medium-loaded engine parts with 

complex shapes. Due to such elements as silicon and magnesium, the alloy shows relatively good mechanical 

properties [19]. The alloy is characterized by exceptional resistance to corrosion and excellent machining and 

welding properties [20]. For this reason, the alloy is used in automotive, architectural, aerospace, food and 

chemical industries, mechanical engineering, shipbuilding, and molds and models [21]. 

2.3. Conduct of the study 

No quality analyses have been carried out in the foundry up-to-date to identify the root causes of non-

conformities in castings. In the framework of stabilizing the manufacturing process, the decision was made to 

perform quality analyses. A team of experts was appointed in the following composition: foundry manager, 

quality manager, chief technologist, and complaint specialist. 

To maintain an appropriate level of quality of the offered products, tests were carried out using appropriately 

selected quality management tools. The output data obtained from one used method constituted the input 

element for the analyses performed with the subsequent tool in the applied sequence. Figure 1 shows the 

methodology of the integrally configured stages of the quality analysis.  

Specifying the quality problem that occurred, the loss of stability in the manufacturing process of the aluminum 

gearbox housing, was the first step of the analysis. As part of this step, quality control cards were analyzed, 

and verification of nonconformities identified in the castings was performed, along with the determination of 

their location within the product. Subsequent methodologies concerned the analysis of the causes of non-
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conformities. They included the execution of a matrix diagram, a brainstorming session correlated with the 

ABCD - Suzuki method, and the application of the 5W2H method. The matrix diagram presenting relations 

between nonconformities occurring in products allowed one to identify the most serious (in the context of 

effects and severity) nonconformities. The brainstorming session carried out by the team of experts allowed to 

indicate the potential causes of nonconformities, while the ABCD - Suzuki method made it possible to indicate 

the potential causes of the problem. 

 

Figure 1 Methodology of non-conformance analysis and identification of its source 

The last step of the analysis involved the implementation of the 5W2H method. This method consists of asking 

seven appropriate questions to specify and examine the root cause of non-conformity occurrence. 

3. RESULTS 

The first step of the analysis was to identify the areas in the casting (Figure 2) where the most common defects 

occur, along with the type of these defects. 

 

Figure 2 Identification of critical areas of the analyzed casting together with the determination of non-

conformities: 1 - underfill; 2 - shrinkage cavity; 3 - gas bubbles; 4 - hot cracks; 5 - ripples; 6 - sandiness; 7 - a 
dimensional inconsistency; 8 - mechanical damage; 9 - cold cracks; 10 - foreign material inclusions; 11 - 

incorrect or illegible marking of the casting 
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To reduce the level of costs related to nonconformities in products, they should be detected within the first 

stages of quality control of the production process. Effective and early detection, together with an effective 

analysis of areas and causes of nonconformities, enables the implementation of adequate corrective and 

preventive actions. Therefore, the research results were analyzed in the context of the specificity of the 

performed quality control. To analyze the relations occurring between the frequency of occurrence of particular 

nonconformities and their effects classified into categories: the necessity of utilization and the possibility of 

repair. The analysis result is presented in the matrix diagram (Figure 3). The study of the effects of the quality 

control of the gearbox casting allowed us to classify the types of identified non-conformities into four groups:  

a) b) 

Figure 3 Matrix diagram showing the relationship between the frequency of the detection of 

nonconformities and the severity of the consequences of a defect a) illustrative diagram, b) result of the 

analysis. 

I -  product nonconformities with a relatively low degree of occurrence and relatively high importance of 

their effects: shrinkage cavity, gas bubbles, hot casting cracks, shrinkage porosity, size inconsistency, 

cold casting cracks. 

II -  product non-conformities with a relatively high degree of occurrence and relatively high significance of 

their effects: underfill, sandiness, mechanical damage.  

III -  product non-conformities of relatively low degree of occurrence and relatively low importance of their 

consequences: wrong or illegible product marking. 

IV -  Non-conformities of the product with a relatively high degree of occurrence and relatively low 

significance of the effects of inclusion of foreign material.  

A series of frequencies of detected inconsistencies of aluminum castings within quality control is presented in 

equation 1: 

f6 > f9 > f4 > f2 > f8 > f3 > f1 > f7 > f5 > f10 > f11          (1) 

According to the analysis results, the nonconformity marked as number 6 (sandiness) is identified most often 

(81.5 %). At the same time, the effects of the presence of this nonconformity are the most serious (62.2 %). 

The data confirm the actions’ importance undertaken in relation to identifying the causes of nonconformities. 

The sand build-up in the castings most often took a spongy form, firmly adhering to the mold, irregularly shaped 

growth.  

The next step of the analysis is to conduct a brainstorming session by a team of experts about the most severe 

nonconformity - the occurrence of sandiness in castings. The result of the session is the identification of 

potential causes of nonconformities so that, using the ABCD - SUZUKI method, it is possible to indicate their 

importance and rank. The result of the indications is presented in Table 1.     
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Table 1 ABCD-Suzuki method for the problem-presence of wettability in aluminum castings 

Symbol Cause of non-compliance 
The rank of the criteria Adjusted sum 

of meanings 
Number of unmarked 

replies 
Rank 

indicator 
Rank 

1 2 3 4 5 6 7 8 9 10 

A 

Excessive amount of 
inactive fractions in the 
forming compound 

0 4 4 4 2 1     41 

13 

3.15 6 

B 
Insufficient compactability 
of the compound 1 5 5 2  1 0    34 2.62 3 

C 
Forming compound in 
liquid melt 4 4 3 3 2      29 2.23 1 

D 
Too many lumps in the 
compound 3 3 6 2 1      31 2.38 2 

E 
Too high a content of 
shiny carbon carriers. 0 3 6 3  1   0  42 3.23 7 

F Too fast pouring of mold 0 1 7 1 3 2 0    52 4.00 9 

G Uneven mold compaction  3 6 2 1 1 0    43 3.31 8 

H 
Insufficient plasticity of 
forming compound 0 3 6 3 2 1     41 3.15 5 

I 
Poor charge quality 
(impurities) 

0 5 2 6 0      40 3.08 4 

The analysis revealed that the three most important causes of the discontinuity were, in order of importance: 

the presence of forming compound in the liquid melt, too many lumps in the forming compound, and insufficient 

compactability of the forming compound.  

In the next step, the working group set up to solve the problem conducted a Gemba Walk and then performed 

a 5W2H analysis to accurately characterize the potential root cause of the problem (Table 2). 

Table 2 5W2H method for the potential root cause - the presence of molding compound in liquid melt 

Question Answer 

Who? Who has detected the problem? Foundry employee carrying out quality control  

What? What is the problem? Particles of sandiness on the surface and in the casting of the product 

Why? Why is this a problem? Not conforming to standards - disqualification of product 

Where? Where was the problem detected? In the area of gearbox casting base 

When? When was the problem detected? During inter-operational control 

How? How was the problem detected? During visual inspection, luminescence, and after observation of 
microstructure 

How much? How big is the problem? 15% of non-conforming products manufactured in Q4 2021 

The analysis shows that the key reason for the presence of sandiness in the gearbox casting was the presence 

of forming compounds in the liquid melt. It was concluded that the discrepancy was most often identified by 

the foundry department employee performing quality control of castings. The area where the highest amount 

of mordanting was determined was the casting base. After the working team carried out the Gemba Walk, it 

was found that the reason for the appearance of the nonconformity was the lack of a stand instruction 

concerning the preparation of molds for the casting process. 

4. CONCLUSION  

The methodology of detailed quality analysis of aluminum castings presented in the study, combined with the 

application of quality management tools holistically, contributes to identifying the root cause of the quality 

problem. This allows proposing and implementing effective corrective and preventive actions contributing to 

maintaining the stability of the production process. The analysis of the quality problem, which was the loss of 

stability of the production process of gearbox castings, indicated that the most significant (in terms of frequency 

of occurrence and consequences) non-conformity was the presence of sandiness in the area of the casting 
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base. The brainstorming session and the ABCD-SUZUKI method identified a potential cause for non-

conformities, which was considered to be the presence of forming compounds in the liquid melt due to the lack 

of a bench instruction. Subsequent research will concern the implications of the proposed methodology for the 

pro-quality analysis of other products offered by the company to ensure an appropriate level of product quality.  

Applying quality management methods in the presented methodology of analyzing types and weights of 

nonconformities in aluminum castings is an integral and effective supplement. The proposed sequence of 

activities may constitute components of methods supporting quality management processes. 
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Abstract 

The successful management of product incompatibility remains a challenge. Therefore, the study aims to 

analyze the possibilities of effective management through qualitative analyses. The sequence of two quality 

management techniques added to the fluorescent method was proposed. These techniques were the Ishikawa 

diagram and the 5Why method. For a specific incompatibility example identified by using the penetration tests 

(the fluorescent method), the causes of these incompatibilities were searched using the Ishikawa diagram and 

the 5Why method. An analysis example was the linear indication problem on the product surface, the 

gasodynamic sealer. By supplementing the penetration method, the proposed sequence of selected quality 

management techniques has shown that it is possible to detect incompatibilities and identify the source cause, 

also. In turn, finding the source cause can allow proposing the improvement actions. The proposed solution 

can also be used in other quality problems and other enterprises to improve the production processes.  

Keywords: Mechanical engineering, quality, quality management tools, production engineering, improving 

quality of products   

1. INTRODUCTION 

The non-destructive tests are considered a quick and straightforward way to identify the potential 

incompatibility products. Still, although they allow identifying incompatibilities, they do not identify the reasons 

for their occurrence. It is concluded that the important, from the point of quality analysis, is to propose the way 

thanks which will be possible to make complex analyses of the product, thanks which the incompatibilities and 

their causes for their creation will be identified. Implementing the quality management technique to improve 

the gasodynamic sealer was proposed. The analysis of implementing the sequence of quality management 

techniques in improving the gasodynamic sealer by using the non-destructive tests and, more precisely, the 

penetration test was made. Therefore, it was justified to review the latest literature on the subject (from 2015 

to March 2019). The technique to identify faults in the unsupervised learning process, which helps identify 

faults on the product subsurface of the product, was proposed [1]. To test the material, the research of the 

ultrasonic tools using the non-destructive tests was carried out [2]. It was checked that it is possible to use the 

non-destructive tests by using innovative gel electrolytes by using the mobile cells [3]. The ultrasonic scan was 

used to check whether there is temperature dependence in the ultrasonic speeds in steel 1018 [4], the 

measurement problem of steel constructions with the non-destructive method (the penetration of the impact 

cone). Also was done, among others: measuring the microstructure and the speed of eutectic penetration on 

irradiated metallic fuel [5], the analysis of the plastic with the penetration test, in which the metallic penetrant 

was used to identify the crack on the pipe's surface was made, the study of the ceramic properties and depth 
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parameters of the penetrant on the ceramic product was made [6]. The research was carried out on the 

resistance to penetration of hybrid ceramic-metal structures [7]. Subsequent items of the literature related to, 

among others: using the NDT method to measure the concrete cover and to locate the subsurface object and 

defects, non-destructive tests on the concrete material [8, 9]. Other applications of non-destructive testing and 

a literature review of the subject are discussed in the paper by Hristoforou [10]. After the literature review, it 

was concluded that the different analyses using the non-destructive tests were made, but the implementation 

of the sequence of the techniques (the Ishikawa diagram and the 5Why method) after the non-destructive tests 

during which the identified incompatibilities were not analyzed. Thanks to this, it was purposeful to the 

proposed implementation sequence of the quality management techniques (the Ishikawa diagram and the 

5Why method) in the improvement process of the selected product (gasodynamic sealer). It was considered 

that this sequence is an option for effective quality management in the quality analysis and allows one to make 

complex quality control of the product by using non-destructive tests. The proposed solution can also be used 

in other quality problems (e.g. failures in ESD coatings [11], their corrosion resistance [12] and their laser 

machining [13]) and other enterprises (e.g. desalination [14], castings [15] or military production [16]) to 

improve the production processes. 

2. METHOD 

The non-destructive tests are counted, among others: visual tests, ultrasonic tests, radiographic tests, and 

penetration tests. Visual tests are carried out to identify the surface and passage irregularities. They rely on 

the with of the surface by the unarmed eye observation using optical tools and devices for remote observation. 

Visual tests can be applied to all materials, although these tests are mainly designed for cracks, pitting, and 

corrosion in the case of welded joints [10,17]. The ultrasonic tests (UT) introduce the ultrasonic waves, which 

are reflected by material discontinuities, and then diffracted and diffused on their edges. Theirs apply mainly 

to research products from ferrite and austenitic steel, made of aluminum, copper and its alloys, magnesium, 

and others. This method aims to examine parts of machines or welded joints and castings [2]. Radiographic 

tests, like ultrasonic tests, are counted as volumetric research. In these tests, the X-rays are generated, thanks 

to which the test result is prepared in the form of a radiogram. This test allows one to locate the defect and its 

size. The radiographic test identifies the internal, surface, and subsurface discontinuities in metal and alloy 

products and nonmetals [17]. The penetration tests allow the penetration of liquids to the material 

discontinuities.  The purpose of these tests is to identify the discontinuities or cracks made during the 

production and exploitation. In the penetration test, depending on the used liquid (penetrant), methods like 

fluorescent, color, and color-fluorescent are distinguished. In the case of the fluorescent method, the penetrant 

is used, due to which the fluorescence phenomenon is achieved. The fluorescence is possible to identify the 

incompatibilities in the surface on analyzing products. To make the fluorescence method the right way, it is 

necessary to use UV lamps and conduct the research in a darkened room. The advantages of the penetration 

tests are, among others: to study different types of materials and products in any form size, quickly and simply 

identify the incompatibilities and low cost, realize these tests and high efficiency. The disadvantages include 

detecting only open defects or aging of the preparations used [17]. 

Each of these tests is used to identify the incompatibilities. Still, the use of a specific method for non-destructive 

tests depends on, among others: type and condition, material, the shape of the product, accessibility of the 

studied area and the type and condition of the surface, methods of making welds, type of welded joint and its 

size, expected types of incompatibilities, and their location. To analyze the gasodynamic sealer, penetration 

tests (the fluorescent method) were used. Because the surface analysis of only one piece of gasodynamic 

sealer was made and because the test aimed to identify only discontinuities on the surface. It was, therefore, 

reasonable to choose the penetration method, which allows identifying all discontinuities on the surface of a 

product in one research, does not require high qualifications of the person performing the research, and is a 

cheap method.  
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3. RESULTS 

The analysis with the fluorescent method, the Ishikawa diagram, and the 5Why method were subjected to the 

gasodynamic sealer applied in the aircraft turbine. The gasodynamic sealer is a type of mechanical sealer 

(frontal), where a gas film is used to seal the rotating shaft, which is formed between the slip rings of the sealer. 

The gasodynamic sealer is used in devices with a rotating shaft in which it is impossible to use a traditional 

mechanical contact sealer [18]. The choice for gasodynamic sealer analysis was because this product is 

classified as the latest generation of mechanical seals and used in the aerospace industry. The gasodynamic 

sealant impacts the safety and efficiency of the work processes. Gasodynamic sealant has an impact on 

workplace safety and the efficiency of processes. Implementing the quality management technique sequence 

in the gasodynamic sealer improvement process seemed to be current and useful for the enterprise’s industry, 

particularly the aerospace industry. The fluorescent method’s penetration tests were made on the nickel alloy 

AMS5383. This alloy is characterized by heat resistance and corrosion resistance. It consists of: 52.5Ni - 19Cr 

- 3.0Mo - 5.1Cb (Nb) - 0.90Ti - 0,60Al - 18Fe, melt homogenization and heat treatment process [19,20]. The 

aim has tested the possibility of reaching the source cause of incompatibilities detected by the fluorescent 

method in the gasodynamic sealers used in aircraft turbines. Given this aim, it was decided to supplement a 

penetrant method with the sequence of quality management techniques, i.e., the Ishikawa diagram and 5Why 

method.  Effective sources of non-conformity were expected to reach the root cause, which could result in 

rational corrective actions. The gasodynamic sealer was cooled down (maximum temperature 40 °C) and 

degreased by immersion in the penetrant MH-406 for 30 minutes. Subsequently, it was immersed in the 

prerinse bath for 10 seconds before the final cleaning process. The fluorescent control of the gasodynamic 

sealer with penetrant HM-406 was made according to the internal instructions. The penetrant sensitivity was 

checked with the TAM 14604 master plate. The product was cleaned under the UV lamp with the water spray 

at a maximum temperature of 10-38 °C with a pressure of 0.275 MPa. Direct spraying on the product was 

carried out at a minimum distance of 300 mm under lighting. The product was dried in a dryer chamber at a 

maximum temperature of 70 ° C. The dry developer ZP-4B was applied in the form of a powder mist at an air 

pressure of a maximum 0.172 MPa and a minimum development time of 10 minutes on the product's surface. 

After a minimum time of 10 minutes, the excess developer was removed using conjugated air with a maximum 

pressure of 0.034 MPa. The control was carried out in a control cabin under the UV lamp and a minimum 

radiation intensity of 1200 μW/cm2 on the surface and by the light intensity in the cabin that does not exceed 

20 lux on the checking surface [21,22].  

a) b) 

Figure 1 Examples of linear indications on a gasodynamic seal 

After the inspection was completed, the product was washed in an aqueous solution to remove the developer 

and residues of other materials used during the inspection. During the control with the fluorescent method, the 

incompatibilities were identified. To identify the cause of incompatibilities, the sequence of quality management 

instruments was used, i.e. the Ishikawa diagram and the 5Why method. The Ishikawa diagram, called the 

fishbone diagram, was prepared. From the basic categories, i.e., 5M + E, selected categories were chosen for 

the analysis, method, man, environment, management, and material, which were considered adequate for the 

analyzed problem. The Ishikawa diagram allowed us to identify the potential causes [23-25], choosing the main 

causes from among them. For the selected main causes, the analysis was performed with the 5Why method 

[26,27], which consisted of asking successive questions "why?”. The 5Why method allowed identifying the 

source cause of the problem [28,29]. The analysis of the problem with the fluorescent method allowed us to 
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find incompatibilities in the gasodynamic sealer, which is shown in Figure 1. The linear indications were 

recognized as non-acceptable because their length exceeded the acceptable value of the customer 

acceptance standards. These incompatibilities were further analyzed to find the source cause of the problem. 

The Ishikawa diagram was made to find the potential causes of the problem (Figure 2). 

 

Figure 2 Ishikawa diagram for linear indications on gasodynamic seal 

It was concluded that the main causes that were pointed on the Ishikawa diagram were material contamination 

and defective material. Then the 5Why method was made (Figure 3).  

 

Figure 3 The analysis 5Why the problem with linear indications with gasodynamic sealer 

It was concluded that the source cause of the linear indications on the gasodynamic sealer was the faulty 

material from the supplier. This was considered due to the lack of a permanent material supplier or poor 
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packaging for transporting sand. It was concluded that the actions that will be possible to eliminate or minimize 

the linear indications are establishing favorable relationships with suppliers and using proven storage 

resources during the transport of products (including packaging). 

4. CONCLUSIONS 

The analysis of the product with the penetration test (fluorescent method) allowed us to identify the 

incompatibilities, which were linear indications on the gasodynamic sealer. The analysis of the Ishikawa 

diagram allowed us to find the potential causes and then the main causes of the problem, i.e., faulty material 

and contaminated box. The 5Why method allowed us to identify the source cause of the problem: the supplier's 

defective material.  It was concluded that it was beneficial to implement the sequence of techniques, i.e. the 

Ishikawa diagram and the 5Why method, which turned out to be the possibility of effective quality management 

in the qualitative analysis of mechanical products. Applying this sequence of quality management techniques 

made it possible to identify incompatibilities and, in turn, their source cause. In the problem analyzed, this 

source cause was inconsistent material from the supplier. The proposed solution can also be used in other 

quality problems and other enterprises to improve the production processes. The workflow presented in this 

study can also inspire modification of methods for statistical developing nonparametric predictive models 

[30,31] that often take into consideration procedural scheme [32]. 

REFERENCES 

[1] AHMAD, J., AKULA, A., MULAVEESALA, R. Barker-Coded Thermal Wave Imaging for Non-Destructive Testing 

and Evaluation of Steel Material. IEEE Sensors Journal. 2019, vol.19, pp.735-742. 

[2] DOKTOR, M.S., FOX, C., KURZ, W., STOCKIS, J.P. Characterization of steel buildings by means of non-

destructive testing methods. Journal of Mathematics in Industry. 2018, vol.8, art. 10. 

[3] MONRRABAL, G., RAMIREZ-BARAT, B., BAUTISTA, A., VELASCO, F., CANO, E. Non-destructive 

electrochemical testing for stainless-steel components with complex geometry using innovative gel electrolytes. 
Metals. 2018, vol.8, art. 500. 

[4] KIEN, D.T., VAN THANH, P. Influence of temperature on mechanical characteristics of 1018 low carbon steel 
estimated by ultrasonic non-destructive testing method. Indian Journal of Pure and Applied Physics. 2017, vol.55, 

pp.431-435. 

[5] KIM, J. H., CHEON, J. S., LEE, B. O. Measurement of microstructure and eutectic penetration rate on irradiated 

metallic fuel after high-temperature heating test. Metals and Materials International. 2017, vol.23, pp.504 -511.  

[6] CUI, F., WU, G., MA, T. Effect of ceramic properties and depth-of-penetration test parameters on the ballistic 

performance of armour ceramics. Defence Science Journal. 2017, vol. 67, pp. 260-268. 

[7] TIAN, C., AN, X., SUN, Q. Experimental and numerical analyses of the penetration resistance of ceramic-metal 

hybrid structures. Composite Structures. 2019, vol. 211, pp. 264-272. 

[8] VELAY-LIZANCOS, M., MARTINEZ-LAGE, I., AZENHA, M. Concrete with fine and coarse recycled aggregates: 

E-modulus evolution, compressive strength and non-destructive testing at early ages. Construction and Building 
Materials. 2018, vol. 193, pp. 323-331.  

[9] HONG, J., OH, S., IM, E. Stiffness and Cavity Test of Concrete Face Based on Non-Destructive Elastic 
Investigation. Sustainability. 2018, vol. 10, art. 4389. 

[10] HRISTOFOROU, E. Advanced Non-Destructive Testing in Steels. Metals. 2018, vol. 8, art. 492. 

[11] RADEK, N. Determining the operational properties of steel beaters after electrospark deposition. Eksploatacja i 

Niezawodnosc. 2009, vol. 44, pp.10-16. 

[12] PLISZKA, I., RADEK, N. Corrosion Resistance of WC-Cu Coatings Produced by Electrospark Deposition. 

Procedia Engineering. 2017, vol. 192, pp. 707-712. 

[13] RADEK, N., WAJS, E., LUCHKA, M. The WC-Co electrospark alloying coatings modified by laser treatment. 

Powder Metallurgy and Metal Ceramics. 2008, vol. 47, pp. 197-201. 



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

853 

[14] RADZYMINSKA-LENARCIK, E., ULEWICZ, R., ULEWICZ, M. Zinc recovery from model and waste solutions 

using polymer inclusion membranes (PIMs) with 1-octyl-4-methylimidazole. Desalination and Water Treatment. 
2018, vol. 102, pp. 211-219. 

[15] SZCZOTOK, A., PIETRASZEK, J., RADEK, N. Metallographic Study and Repeatability Analysis of γ' Phase 
Precipitates in Cored, Thin-Walled Castings Made from IN713C Superalloy. Archives of Metallurgy and Materials. 

2017, vol. 62, pp. 595-601. 

[16] SZCZODROWSKA, B., MAZURCZUK, R. A review of modern materials used in military camouflage within the 

radar frequency range. Technical Transactions. 2021, vol.118, art. e2021003. Available from: 
https://doi.org/10.37705/TechTrans/e2021003. 

[17] PACANA, A., SIWIEC, D., BEDNÁROVÁ, L. Method of choice: A fluorescent penetrant taking into account 
sustainability criteria. Sustainability. 2020, vol. 12, art. 5854. 

[18] PACANA, A., ULEWICZ, R. Analysis of causes and effects of implementation of the quality management system 
compliant with iso 9001. Polish Journal of Management Studies. 2020, vol. 21, pp. 283-296. 

[19] POURANVARI, M., EKRAMI, A., KOKABI, A. H. Diffusion brazing of cast INCONEL 718 superalloy utilising 
standard heat treatment cycle. Materials Science and Technology. 2014, vol. 30, pp. 109-115. 

[20] AHMAD, J., AKULA, A., MULAVEESALA, R., SARDANA, H.K. Barker-Coded Thermal Wave Imaging for Non-
Destructive Testing and Evaluation of Steel Material. IEEE Sensors Journal. 2018, vol. 19, pp. 735-742. 

[21] PETERKA, P., KRESAK, J., VOJTKO, M. Experience of the Crane Steel Wire Ropes Non-Destructive Tests. 
Advances in Science and Technology - Research Journal. 2018, vol. 12, pp. 157-163. 

[22] BILSEL, R.U., LIN, D.K.J. Ishikawa Cause and Effect Diagrams Using Capture Recapture Techniques. Quality 
Technology and Quantitative Management. 2012, vol. 9, pp. 137-152.  

[23] LIRA, L.H., HIRAI, F.E., OLIVEIRA, M. Use of the Ishikawa diagram in a case-control analysis to assess the 
causes of a diffuse lamellar keratitis outbreak. Arquivos Brasileiros de Oftalmologia. 2017, vol. 80, pp. 281-284. 

[24] SALVADOR, C.G., GOLDFARB, N. Ishikawa cause and effect diagrams: A useful tool in designing economic 
analyses. Value in Health. 2004, vol. 7, pp. 301-302. 

[25] CHOKKALINGAM, B., RAJA, V., ANBURAJ, J. Investigation of Shrinkage Defect in Castings by Quantitative 
Ishikawa Diagram. Archives of Foundry Engineering. 2017, vol. 17, pp. 174-178. 

[26] BENJAMIN, S., MARATHAMUTHU, M., MURUGAIAH, U. The use of 5-WHYs technique to eliminate OEE's 
speed loss in a manufacturing firm. Journal of Quality in Maintenance Engineering. 2015, vol. 21, art. 419-435. 

[27] PIETRASZEK, J., RADEK, N., GOROSHKO, A.V. Challenges for the DOE methodology related to the 
introduction of Industry 4.0. Production Engineering Archives. 2020, vol. 26, pp.190-194. 

[28] OSTASZ, G., CZERWIŃSKA, K., PACANA, A. Quality Management of Aluminum Pistons with the Use of Quality 
Control Points. Management Systems in Production Engineering. 2020, vol. 28, pp.29-33.  

[29] SHIN, D.G., LEE, S.I., SON, K.S. Countermeasure for construction machinery produced using 5Why technique. 
International Journal of Engineering and Technology. 2015, vol. 7, pp. 1478-1484.  

[30] PIETRASZEK, J., GA̧DEK-MOSZCZAK, A., RADEK, N. The estimation of accuracy for the neural network 
approximation in the case of sintered metal properties. Studies in Computational Intelligence. 2014, vol. 513, 

pp.125-134. 

[31] PIETRASZEK, J., DWORNICKA, R., SZCZOTOK, A. The bootstrap approach to the statistical significance of 

parameters in the fixed effects model. In: ECCOMAS Congress 2016 - Proc. 7th European Congress on 
Computational Methods in Applied Sciences and Engineering. 2016, vol. 3, pp. 6061-6068. 

[32] PACANA, A., RADON-CHOLEWA, A., PACANA, J., WOZNY, A. The study of stickiness of packaging film by 
Shainin method. Przemysl Chemiczny. 2015, vol. 94, pp. 1334-1336. 

[33] PACANA, A., SIWIEC, D. Universal model to support the quality improvement of industrial products. Materials. 
2021, vol. 14, art. 7872. 

  



May 18 - 19, 2022, Brno, Czech Republic, EU 

 

 

854 

RESEARCH ON THE IMPACT OF HETEROGENEOUS HUMAN CAPITAL ON ENTERPRISE 
VALUE-- BASED ON THE EMPIRICAL TEST OF CHINESE LISTED STEEL COMPANIES 

1,2Weixue HAN, 1Andrea SAMOLEJOVA, 1Wenlong YAO, 2Wenjuan WANG 

1VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, weixue.han.st@vsb.cz 

2Wuhan Business University, School of Economics, Wuhan, Hubei, People's Republic of China, 

Kelly.wbu@outlook.com 

https://doi.org/10.37904/metal.2022.4518 

Abstract 

Based on the samples of Shanghai and Shenzhen listed companies in China's steel industry from 2015 to 
2020, this paper establishes a fixed effect model to analyze the influence of heterogeneous human capital on 
enterprise value. The results show that the knowledge-based human capital has less positive impact on the 
enterprise value of steel enterprises, but the technology-based human capital has a significant impact on them. 
Therefore, compared with knowledge-based human capital, steel enterprises should pay more attention to the 
accumulation of technology-based human capital in the process of development to promote the improvement 
of enterprise value. 

Keywords: Heterogeneous human capital, enterprise value, steel enterprises 

1. INTRODUCTION 

As the new round of scientific and technological revolution and industrial transformation deepens, all sectors 
of the world are facing profound changes unseen in a century. As an important basic industry in China, the 
steel industry plays an important role in the development of the national economy. It also has a great impact 
on the social and economic transformation and upgrading. Since the outbreak of COVID-19, with safe and 
stable production and operation, Chinese steel industry has shown strong resilience to risks, which has 
strongly supported the rapid recovery of China's economy. Under the background of the development of 
industry 4.0 intelligent manufacturing, the development of the steel industry has ushered in a new 
transformation. The continuous innovation drive is the core internal source leading the benign development of 
Chinese steel enterprises and enhancing the value of enterprises. 

Human capital is the core element of innovation drive. From the existing literature, some scholars have focused 
on analyzing the relationship between factor input and enterprise value. But in the aspect of human capital 
elements, it is more limited to the contribution of executive human capital to enterprise value. According to the 
characteristics of specific industries, there are few literatures on the classification analysis of human capital. 
Based on this, this paper takes Chinese listed steel companies as the research object and takes two types of 
heterogeneous human capital as key variables to study the relationship between human capital and enterprise 
value. To study and analyze whether knowledge-based human capital and technology-based human capital 
can better promote the enterprise value of steel enterprises. 

2. LITERATURE REVIEW AND HYPOTHESIS DEVELOPMENT 

When studying the relationship between human capital and enterprise value, many scholars domestic and 
overseas have conducted empirical studies. According to the empirical data of domestic enterprises, scholars 
come to the conclusion that human capital can significantly promote the growth of enterprise value [1-4], 
suggesting that enterprises should further increase the use and cultivation of human capital [1-3], which is 
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conducive to improving the independent innovation ability of enterprises and is the source and core driving 
force of enterprise value growth [4]. 

Some scholars further put forward the concept of “heterogeneous human capital" and subdivided the 
contribution of different types of human capital to enterprise value. Schultz pointed out that human capital is 
an essential factor for enterprises to increase marginal rate of return and enhance enterprise value. He further 
clearly pointed out that human capital has heterogeneity and "professional human capital" has increasing 
returns [5]. These human capital have decisive significance for the growth of enterprise value and maintenance 
of competitive advantage. Romer's model of increasing returns also proves this point. It holds that specialized 
human capital itself has the characteristic of increasing returns, which means the more knowledge 
accumulated by human capital, the higher the marginal output rate will be. 

"Heterogeneous" human capital is usually relative to "homogeneous" human capital. The current research on 
heterogeneous human capital in the academic circles basically focuses on the contribution of this kind of 
human capital in a certain aspect much higher than other kinds of human capital. It usually refers to special 
personnel with high knowledge accomplishment or technical level, who can improve production technology 
level or input-output efficiency. They usually can realize efficient allocation of resources, and in good innovation 
spirit and high learning ability in the production and operation of enterprises. Comprehensive domestic and 
foreign research literature, its common types mainly include entrepreneur human capital represented by 
entrepreneur ability, technology-based human capital represented by research and development personnel, 
knowledge-based human capital represented by highly educated personnel, and specialized human capital 
represented by personnel with specific technology, working skills and information, etc. 

Specifically, scholars have carried out research on the relationship between heterogeneous human capital and 
enterprise value with different focuses. One part focuses on the human capital of the management team. They 

point out that human capital investment in key positions and managers can greatly improve the company's 
production efficiency [6]. An empirical study of the data of 42 British high-tech enterprises show that 
enterpriser-specific human capital has a more significant positive promoting effect on enterprises than general 
human capital [7]. A research subdivided the characteristics of the senior management team into age, tenure, 
education level and title, and found that all the variables except title significantly promoted the growth of 
enterprise value [8].  

Part of the classification is by level of education. It showed that employing highly educated workers can 
increase enterprise value [9]. There was a significant positive correlation between the operating efficiency of 
a company and the educational level of employees [10]. Studies of small commercial and trade enterprises in 
East Africa and Taiwan biotechnology companies, the results showed that both education level and work 
experience can significantly promote the improvement of enterprise value [11,12]. Some scholars believe that 
intellectual capital is the knowledge stored in the minds of employees and intangible resources. Together with 
material resources, intellectual capital constitutes the total value of an enterprise, and such knowledge makes 
an enterprise unique [13]. It was proved that professional personnel, as measured by the proportion of 
employees with college degree or above, had a positive promoting effect on enterprise value [14]. 

Another part is aimed at the effect of technology-based human capital and other special heterogeneous human 
capital on enterprise value. A research conducted an empirical study on the data of listed agricultural 
enterprises and found that the higher the proportion of technical personnel and senior management personnel, 
the better the comprehensive performance of enterprises [15]. A series of scholars have demonstrated the 
same point of view: The more high-quality and technical talents an enterprise has, the stronger its vitality and 
innovation will be, and the stronger its core competitiveness will be. 

Due to the availability of data, this paper mainly focuses on the influence of knowledge-based heterogeneous 
human capital and technology-based heterogeneous human capital on enterprise value in Chinese listed steel 
enterprises. Therefore, the following hypotheses are proposed in this paper: 
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H1: In listed steel companies, knowledge-based human capital has a significant positive impact on enterprise 
value. 

H2: In listed steel companies, technical heterogeneous human capital has a significant positive impact on 
enterprise value. 

3. RESEARCH DESIGN  

3.1. Sample selection and data sources 

This paper selects listed companies in Shanghai and Shenzhen A-share steel industry (“ferrous metal smelting 
and rolling processing industry”) from 2015 to 2020 as the research object. This paper sorted out and counted 
the financial data disclosed by all listed companies in the steel industry as of December 31, 2020. After 
removing the sample companies with missing data and abnormal data, the balanced panel data of 35 listed 
companies in Shanghai and Shenzhen A-share steel industry in the past 6 years are obtained. A total of 210 
study sample sites were selected. 

The data in this paper mainly come from WIND database, CSMAR database and flush database. Stata13.1 
and Excel are used to complete data processing. 

3.2. Definition of variables  

3.2.1. Explained variables 

Enterprise value. Tobin Q, economic value added and related financial performance indexes are the main 
indexes to measure enterprise value. Based on existing literature research, Tobin Q is used to measure 
enterprise value, which not only takes into account the market value and book value of an enterprise, but also 
considerate the stock market value and debt market value of the enterprise, which is relatively comprehensive. 
The specific calculation method is the proportion of the sum of the market value of equity and the present value 
of debt to the total assets at the end of the period. 

Tobin Q = (Price per share × number of outstanding shares + Net asset per share × number of non-outstanding 
shares + book value of liabilities) ÷ total assets            (1) 

3.2.2. Explanatory variables 

About the measurement of human capital, the current research can be roughly divided into two types. One is 
measured based on the output from the perspective of wages and remuneration of human resources. The 
other is based on the input, which is measured by educational investment value, educational level and 
educational background of employees [16]. In addition, some scholars use the ratio of specific heterogeneous 
manpower to all employees to measure it [17]. Each method has its own advantages and disadvantages and 
is mainly selected according to the availability of data. From the statement data released by China's listed steel 
companies, we can get the educational background and post composition of each enterprise's employees over 
the years. While the salary stratification, income rules, specific training costs and other data are not available. 
Therefore, this paper chooses the most widely used method of years of education to measure the knowledge-
based heterogeneous human capital. The ratio of technical R&D personnel to all employees is used to 
measure the technology-based heterogeneous human capital. 

Knowledge-based heterogeneous human capital is calculated by means of years of schooling. The education 
level of employees is divided into five levels, namely high school or below, college degree, bachelor degree, 
master degree and doctor degree. Years of schooling followed by 12 years, 15 years, 16 years, 19 years and 
22 years. Then taking the proportion of employees at all levels of education as the weight, the average length 
of education is calculated comprehensively. 

Technology-based heterogeneous human capital = the number of technical R&D personnel ÷ the number of 
all employees.                 (2) 
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3.2.3. Control variables 

Enterprise value is the result of a series of business decisions, which are influenced by business decisions, 
financing conditions and internal governance. Referring to existing literature, this paper takes enterprise size, 
employee size, enterprise age, capital structure and material capital as control variables to improve the 
accuracy of regression results. Among them, material capital, employee size and enterprise scale are all 
logarithmic in order to reduce the possible nonlinear relationship and non-stable sequence problems in 
regression analysis. Specific variables are described as follows. 

Material capital. Material capital is expressed as the logarithm of net fixed assets. Generally speaking, the 
more material capital an enterprise has, the more disposable resources it has in the future, the better its 
expected growth and the greater its value. 

Employee size. Employee size is expressed as the logarithm of the number of employees in an enterprise. 
Generally speaking, the more abundant the employee size and manpower, the more potential high-quality 
talents and the greater the value of the enterprise. 

Enterprise scale. The enterprise scale is expressed as the logarithm of total assets. The influence of enterprise 
scale on enterprise value is complex. On the one hand, enterprises will have scale advantage in financing and 
management. On the other hand, it will also increase the operating cost, management cost and transaction 
cost of enterprises. 

Capital structure. Capital structure is expressed as total liabilities as a percentage of total assets. Generally 
speaking, the debt to asset ratio reflects a company's long-term solvency. On the one hand, too much debt 
will increase the financial risk of enterprises. On the other hand, liabilities have tax saving effect and do not 
threaten the control right of enterprises. 

Enterprise age. The year of investigation minus the year of establishment of the enterprise. Generally 
speaking, the longer an enterprise is established, the stronger its strength and the greater its value. 

Table 1 Variable description 

Characters of 
variables 

Variable 
notation 

Variable names Variable definition 

Explained 
variables 

Tobin Q Enterprise value 
(Price per share × number of outstanding shares + Net asset per 

share × number of non-outstanding shares + book value of 
liabilities) ÷ total assets 

Explanatory 
variables 

KBC 
Knowledge-based 

heterogeneous human 
capital 

means of years of schooling mentioned above 

TBC 
Technology-based 

heterogeneous human 
capital 

the number of technical R&D personnel ÷ the number of all 
employees 

Control variables 

LNFS Material capital the logarithm of net fixed assets 

LNSN Employee size the logarithm of the number of employees 

LNTA Enterprise scale the logarithm of total assets 

DAR Capital structure total liabilities ÷ total assets 

AGE Enterprise age the year of investigation - the year of establishment 

3.2.3. Model setting 

This part empirically tests the influence of knowledge-based human capital and skill based human capital on 

the enterprise value of Chinese listed steel companies, and adopts the panel regression model as follows: 

Tobin Qit=β0+β1KBCit +β2TBCit +β3LNFSit +β4LNSNit +β5LNTAit +β6DARit +β7AGEit +uit                (3) 

Note:1≤i≤35，2015≤t≤2020 
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i and t indicate the enterprise and year respectively. β0 is Intercept item. uit is the random perturbation term. 

The explained variable Tobin Q is the Tobin Q value corresponding to each enterprise every year. The 

explanatory variable KBCit is the corresponding annual level of knowledge heterogeneity human capital of 

each enterprise. TBCit is the level of technology-based heterogeneous human capital corresponding to each 

enterprise each year. LNFSit is the logarithm of the net fixed assets of each enterprise for each year. LNSNit 

is the logarithm of the size of each company's workforce in each year. LNTAit is the logarithm of the total assets 

of each enterprise in each year. DARit The ratio of a company's annual debt to total assets. AGEit indicates the 

number of years in which an enterprise has been established.  

4. EMPIRICAL RESEARCH 

4.1. Descriptive statistics 

Table 2 Descriptive statistics 

Variable N Mean Std. Dev. Min Max 

Tobin Q 210 1.31841 .5951117 .811279 4.38343 

KBC 210 13.37276 .6631392 12.15244 15.11114 

TBC 210 .0727867 .0517441 .004436 .3034728 

LNTA 210 24.01582 1.180462 21.06625 26.59883 

LNFS 210 23.01967 1.6186 13.58781 25.76166 

LNSN 210 9.22431 0.8907931 7.239215 10.9535 

AGE 210 20.98 3.936139 12 31.6 

DAR 210 0.5527424 0.2131723 0.068619 1.11778 

4.2. Correlation analysis 

Pearson correlation test. It can be seen from the table that all selected variables are significantly correlated 

with enterprise value at the level of 0.05, indicating that variables are appropriately selected. Correlation 

coefficients between variables in the model constructed in this paper are all less than 0.6, indicating a low level 

of multi collinearity between variables. 

Table 3 Results of correlation analysis 

 
Tobin Q LNTA DAR LNSN TBC AGE KBC LNFS 

Tobin Q 1.0000        

LNTA 
-0.5984 

*** 
1.0000       

DAR 
-0.2160 

*** 
0.4420 

*** 
1.0000      

LNSN 
-0.5110 

*** 
0.5296 

*** 
0.4939 

*** 
1.0000     

TBC 
-0.0341 

** 
-0.0364 -0.0599 -0.0588 1.0000    

AGE 
-0.1822 

*** 
-0.0348 

-0.1726 
** 

-0.0434 0.0507 1.0000   

KBC 
-0.3562 

*** 
0.5762 

*** 
0.1057 

* 
0.4473 

*** 
0.1267 

** 
0.1462 

** 
1.0000  

LNFS 
-0.4620 

*** 
0.5153 

*** 
0.5347 

*** 
0.4208 

*** 
0.0018 -0.0385 

0.3238 
*** 

1.0000 

Note: significance level:***=p<0.01; **=p<0.05; *=p<0.1 
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4.2.3. Unit root test and Hausman test 

Use the Harris-Tzavalis unit-root test applied to the short panel. After the test, the explained variable, the 

explained variable and the control variable all passed the test at the significance level of 0.1. It shows that 

there is no panel unit root in panel data, which is stable data and can be used for regression analysis. 

Table 4 Results of unit root test 

Variable Statistic p-value 

Tobin Q 0.2449*** 0.0000 

KBC 0.4392** 0.0319 

TBC 0.3074*** 0.0001 

LNTA 0.3929*** 0.0062 

LNFS 0.4840* 0.0901 

LNSN 0.4640* 0.0661 

AGE 0.0000*** 0.0000 

DAR 0.4051*** 0.0098 

Note: significance level:***=p<0.01; **=p<0.05; *=p<0.1 

Hausman test found that the p-value was 0.0014, so the fixed-effect model was used to determine the 

regression of variables. 

4.2.4. Regression analysis 

Table 5 Results of regression analysis 

Tobin Q Coef. Std. Err. t P>|t| 

KBC .0014281 .1042601 0.01 0.989 

TBC 2.709804 1.100295 2.46 0.015** 

LNFS .1117516 .0593363 1.88 0.061* 

LNSN .2978082 .1894105 1.57 0.098* 

LNTA -.8773357 .1742416 -5.04 0.000*** 

DAR .9048953 .2742443 3.30 0.001*** 

AGE .0027911 .0232026 0.12 0.904 

R-squared 0.4907 

Note: significance level:***=p<0.01; **=p<0.05; *=p<0.1 

Analysis of the model results is as follows: 

There is a significant positive correlation between technology-based heterogeneous human capital and 
enterprise value in steel enterprises. At the significance level of 5 %, the TBC regression coefficient is positive, 
and every change of 1 unit, the value of steel enterprises changes about 2.710 units. It can be seen that the 
ratio of R&D personnel has a significant impact on the enterprise value of steel enterprises, and the higher the 
ratio of R&D personnel, the greater the promotion of enterprise value, which verifies hypothesis 2. 

There is no significant correlation between knowledge-based human capital and enterprise value in steel 
enterprises. KBC has a positive coefficient in the regression model, but the result is not significant. The results 
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show that knowledge-based human capital has no significant effect on enterprise value in steel enterprises. 
Hypothesis 1 is rejected. This may be due to the particularity of the industry. As a non-knowledge-intensive 
industry, steel enterprises have a large number of employees and more low-education workers, which makes 
the overall educational level is not high and the role of knowledge heterogeneity human capital is not 
prominent. 

Except enterprise age, most of the control variables can play a significant role in the value of steel enterprises. 
The regression results of logarithm of total assets are significant, but the coefficient is negative, which means 
that the size of steel enterprises is negatively correlated with enterprise value, that is, the larger the enterprise 
size is, the lower the enterprise value is. This may be because listed steel enterprises are generally large-
volume enterprises, which will increase the management cost and transaction cost of enterprises as the scale 
continues to increase, thus affecting the enterprise value. There is a significant positive correlation between 
the asset-liability ratio and enterprise value, which means that within a certain range, the higher the asset-
liability ratio, the greater the enterprise value. The logarithm of employee size and fixed assets are the same 
as expected, showing a significant positive correlation with enterprise value, which means that sufficient human 
resources and material capital can help improve enterprise value. 

4.2.5. Robustness analysis 

In order to investigate the stability and reliability of the research conclusions, the robustness test was carried 
out by substituting the explained variables. Since non-tradable shares have a distorting effect on the price 
discovery mechanism of the stock market, Tobin Q is replaced with a different calculation method and 
regression analysis is conducted again. 

Tobin Q= (market value of equity + market value of net debt)/(Total assets - net intangible assets)     (4) 

Among them, the market value of non-tradable equity is replaced by the stock price of tradable shares.            

The results show that the value of the variable coefficient has changed, but the significance level of the variable 
and the positive and negative results of the coefficient have not changed significantly, and the results are 
robust. 

5. MAIN RESEARCH CONCLUSIONS AND SUGGESTIONS 

With today's society from the traditional industrial economy into the knowledge economy, heterogeneous 
human capital due to its scarcity, value and difficult to imitate, gradually become a modern enterprise in the 
market competition to maintain vitality and innovation advantage of strategic resources. In steel enterprises, 
we should pay special attention to the training and investment of technology-based heterogeneous human 
capital represented by R&D personnel. To this end, this paper gives the following suggestions: 

Firstly, in the process of changing the growth mode of steel enterprises, we should attach strategic importance 
to the construction of technology personnel team, and guide the whole link of human capital planning, 
recruitment and allocation, training and development, performance and incentive by strategy. 

Secondly, in resource investment and management, compared with knowledge talents, steel enterprises 
should increase the introduction and training of technology talents, through job training, mentoring and other 
forms to improve the skills of steel enterprise employees. At the same time, increase the investment in research 
and development, optimize the integration of skills, personnel, equipment, capital and other factors to achieve 
the best human capital investment benefits, and give full play to the promotion effect of technology-based 
human capital. 

Thirdly, under the background of industry 4.0, steel enterprises should pay attention to the development of 
research and development activities, realize the fit of skilled talents and research and development activities, 
and promote the construction and rational allocation of talent team by daily research and development 
activities. 
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Abstract 

The iron and steel industry plays an important role as a supplier to many other industries on an international 

scale. Given the strong dependence of economies on its products, maintaining its sustainability is essential. 

In addition to material and energy inputs, which are the biggest problem for companies in view of the conflict 

in Ukraine and sanctions against Russia, it is a long-term problem for companies not only to obtain qualified 

and already unskilled human resources from the metallurgical sector. Therefore, in recent years, there has 

been a more intensive replacement of people by technology and a related change in the optimal structure of 

employees. The article presents a comparison of statistics on the structure of employees in metallurgical 

companies from EU countries.  

Keywords: Employee structure, metallurgical industry, Czech Republic, Slovakia, Poland, Germany 

1. INTRODUCTION  

The history of industrial steel production in Europe dates back as early as the 19th century in some European 

countries, such as the United Kingdom and Germany. Like many other regions, crude steel production was 

closely linked to the production of coal. One of Europe’s largest producers of steel, Italy, was a world pioneer 

in the development of electric furnaces in the 20th century [1]. 

Nowadays the Russian invasion of Ukraine is a major humanitarian crisis affecting millions of people and a 

severe economic shock of uncertain duration and magnitude. Supplies of Ukrainian iron ore fell by 30 to 40 %. 

Prior to the conflict, the global recovery from the pandemic was expected to continue in 2022 and 2023, helped 

by continued progress with global vaccination efforts, supportive macroeconomic policies in the major 

economies and favorable financial conditions [2]. 

In the European Union the steel industry was employing over 326,400 people Union in 2020, with Germany 

boasting the largest workforce at over 83,200 employees. This was over double the steel industry employment 

of Italy, which was second in the ranking. Poland had 24,000 employees in 2020. The Czech Republic 

employed 17,000 employees in 2020 and Slovakia 10,300 employees in the same year. Generally, in EU the 

number of employees went down from 2011 until 2020. In 2011 the number of employees was 365,610 and in 

2020 was reduced for 10.7 % to number of employees 326,462. [3].  

Germany was also the leading exporter of semi-finished and finished steel products in the EU over the past 

decade, with exports volumes reaching around 24 million metric tons. Turkey, with its important automotive 

manufacturing sector, was the leading importer of European steel in 2020. Hot rolled wide strip and hot dipped 

steel products were the most popular in the industry, each averaging outputs of 263,000 and 254,000 metric 

tons per month [1].  
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1. THE QUALIFICATION LEVEL IN THE CZECH AND SLOVAK METALLURGIAL COMPANIES 

Since the second half of the 19th century, the Czech lands have been one of the most economically advanced 

regions in Europe. A large part of the development of the area of the Czech Republic was due to sufficient 

sources of mineral resources. The high concentration of mining and heavy industry activities in several 

localities resulted in changes in the orientation of the economy and restructuring (after 1989) therefore having 

a more significant impact on these regions. 

According to the information of the National Institute for Education, the number of employed workers in the 

extraction and processing of raw materials and in metallurgy has been dramatically decreasing since 1991, 

when the total number of employees fell from 181 thousand to a total of 46 thousand by 2014. The decline in 

employed people continued in the following period, but it was already more continuous and not so dramatic. 

Significant changes have also taken place in the educational structure of workers of this class. Nowadays, 

there work just a part of workers with primary education [4].  

Statistics of the education of employees of the Czech company Vítkovice Heavy Machinery a.s. confirm these 

changes between 2008 and 2019. The exact structure of the employees‘ education in selected years is 

displayed in Table 1. 

Table 1 Education structure in Vitkovice Heavy Machinery [5,6,7] 

 Year (in %) 

Education level 2008 2014 2019 

Primary education 12.10 9 8 

Secondary education with an apprenticeship certificate 52.50 49.50 49.80 

Secondary vocational education with GCSE 26.10 29.50 30.10 

Higher education 9.30 12 12.10 

An important change is also the total number of employees of the enterprise and its development in the 

monitored period. In 2008, the total number of employees was 2,008 employees, in 2014 there was a decrease 

to a total of 1,279 employees, and at the end of 2019, the number of employees was only 889 people.  

For two decades, the company has been gradually introducing a range of activities to improve the situation 

with a gradual reduction in the number of workers, mainly blue-collar professions. One of the main focuses of 

the company is cooperation with technically oriented schools (for example Vitkovice secondary school, VŠB - 

Technical University of Ostrava and others) [5]. 

Production and metal processing is one of the most important segment also in the Slovak economy. It is very 

significant for an employment in Slovak and even makes the higher percentage of industrial production. This 

production ensures main product for other processing, especially for an engineering, where inputs are mainly 

made from metal. Engineering makes products, which are intermediates of next metal processing like a metal 

construction or automotive industry. Automotive is next to the steel processing one of the important segment 

too and belong among the biggest export of Slovak.  Metal production and processing apply a result of research 

and development in practice, help regional development beginning with education, healthcare, culture and 

sport.  

Generally, metallurgy in Slovak and other countries of European Union, face to strict ecological rules come 

from regulation of European Commission, which make for producers, higher investment and operating costs. 

Due to countries in European Union have competitive disadvantage comparing with countries, which do not 

need to follow European Union’s rules. These rules are connected with emission, amount and quality of waste 

gas, quality of wastewater and also quality of work place in metallurgy production [8]. 
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In the actual situation supplies issue of iron ore are the most problematic. Russia is the eighth largest producer 

of iron ore in the world and many Slovak companies relied on it with supplies before the sanctions were 

implemented. Recently, imports from Ukraine were halted as well. Ukraine is another key supplier for Slovak 

metallurgists and many metallurgical products from the country are used by Slovak engineering and 

construction companies [9]. 

The strict restriction and tax burden cause high cost production and it leads to changes in number of workers, 

but in the qualification area there are not such obvious changes. The actual conflict in Ukraine could also make 

it worse. 

In the Table 2 is visible the structure of workers in U.S.Steel Košice. The Košice region also has the higher 

percentage of workers in metallurgy, which is 5.23 %. 

Table 2 Education level in U. S. Steel Košice [10] 

Education level 

Year (in %) 

2008 2014 2019 

Primary education 3 2 1 

Secondary education with an apprenticeship certificate  and  GCSE 81 79 81 

Higher education 16 19 18 

In the Table 2 is obvious almost same percentage of particular education level. The higher number of workers 

are with secondary education, because the employees with this type of education have their application in 

production and it is the most important part of metallurgy. Majority of workers studied technical secondary 

school like mechanic or machine operator and other the most required are engineering education, secondary 

school or college [11].  

As was written, only number of workers are changing. For year 2009 it was up 13,000, in the year 2014 it was 

10 309 and 10,478 employees have worked in the company in year 2019. The highest decrease was between 

years 2009 and 2014. In this period, there were probably the biggest changes in economy and then also 

metallurgical production became economically disadvantageous. That fact has led to further release of their 

workers.  

Nevertheless, there was not only the economic reason for the human resource decrease. Also an attraction of 

sector was declining, especially for young people and thanks to that there has been a lack skilled workforce. 

There could be a way out of the bad situation for example in a stronger governmental support of related 

educational programs, and also some motivation incentives both financial and non-financial ones. Even lifelong 

learning can help, especially related with technological and ecological changes in the industry evolving more 

options of education via internet [12]. 

2. EMLOYEE STRUCTURE IN POLISH AND GERMAN METALLURGICAL COMPANIES 

After year 1989 many non - profit and obsolete mines were demolished. It brought about decline in black coal 

mining and its export was not profitable. Import from Russia, Ukraine and even from India was cheaper than a 

purchase from local mines. So it was necessary to reduce a mining and restructure working mines [13]. 

In the surroundings of mines, people were moving out, smelter were closing and it leads to increase of 

unemployment. It has become necessary to change education system as well as labor training and 

development. Nowadays education for the metallurgy profession requires different qualities than in the past 

because of changes in the education level of the society, employees’ exact career growth and active company 

policy due to a decreased number of people with primary education. In 2019, there were just 3 % of people 

with primary education, the percentage of people with professional education in metallurgy was 29 %. In year 
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2015, there was a decrease in these numbers of 2 and 6 percentage points. To work as a miner, it is necessary 

to get an appropriate education such as a technical school, vocational school or a professional course. The 

study period is finished by an examination after which candidates will get a degree of a miner technic. Then, a 

growth in career or further development is possible. A miner technic can continue in metallurgical studies and 

get a master degree [14].  

In 2010, 1.84 million people studied in Poland and 1,853 (0.1 %) from this amount were in metallurgy segment. 

In the academic year 2009/2010, only 468 students of metallurgy from the total amount of 478,000 finished 

their studies. 

Companies in Poland support their employees by different types of education. For example, in 2019 the 

company ArcelorMittal Poland (AM Poland) opened a modern center for employee training in their branch in 

Dabrovia Gornicza. This center can be used by every worker of the company, that means by about 14 thousand 

persons. AM Poland have developed their own education program for employees, it is called “Akademia 

Mendeżera ArcelorMittal Poland” where around 1,200 employees have participated in. The second program 

is called ZainSTALuj się and can be visited also by other people, not only by employees. It should be primarily 

used by students. The number of participating students is 5,000 and 1,350 began work in that company after 

finishing school in 2010. In 2015, AM Poland offered opportunity of education like courses of soft skills, which 

were visited by 700 employees, language courses and World Class Manufacturing, where 446 employees 

participated. 

Overall, the steel industry in Germany represents the most important economic sector in this country. Germany 

has the highest number of employees in leading steel industries in the whole European Union. The steel 

industry is a part of a network that is crucial for the international competitiveness of the German economy [15]. 

Since 2010, steel production in Germany has dropped by around 10 % (approx. 4 million tonnes) from 43.8 

million tonnes to 39.7 million tonnes. The workforce has declined by around 4,000 to 86,000 to 2019 year. This 

has led to certain adjustment measures, with further measures planned or in preparation. A continuation and 

acceleration of this development could sooner or later endanger the survival of this important industrial sector 

[16]. 

In Germany, the information on the number of employees and the wage bill is widely available in surveys of 

firms conducted by the statistical offices all over the world. More detailed information on the qualification of the 

workforce (like the share of employees with a certain level of education attained or vocational training 

concluded), however, is only rarely available at the firm level in this type of data. The data from companies 

has no information on the share of employees with a university degree or the share of employees that 

successfully passed the exams following apprenticeship. However, statistics from companies, which agreed 

to share their data external, shows, that in German enterprises the level of highly qualified employees is 6.42 % 

(including the number of employees with a polytech or university degrees) and medium qualified employees is 

61.72 % (which includes the number of employees with either the high-school diploma or with vocational 

training) [17]. 

German companies support students from local schools and educational institutions. In practice, this works by 

the company reaching out to students with an offer of financial support for their education (successful 

competition of school, university and courses), thereby offering educational activities which would help 

employees in their work in the future. In such cases, an employment contract may be concluded with the 

requirement to complete certain courses of study at an educational institution [18]. 

3. COMPARISON AND RESULTS 

Historically, the Czech Republic and Slovakia had common metallurgical development. In these countries, we 

can see a similar trend in employee education level changes. In the last years, there was decreasing in the 
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number of employees with primary education level and on the other hand the increase of high education level 

(from 2008 to 2019 years). It was caused by the higher number of people who wanted to reach more technician 

skills and knowledge. People also wanted to be more successful in labor market and self-development. 

Changes were also caused by closer cooperation between an educational institution and metallurgy 

enterprises at the last years.  

Most of the employees have a secondary education level, which is connected with the requirements of manual 

work. In the last years, we see the changes in the education level, more workers become higher educated 

because technologies are more automatized, workers have to handle more technical skills. That is why, 

companies have to focus on the education of managers’ skills, soft and language skills and sharing of work 

skills between employees inside the company. Even they should support students by internships and practice. 

For work in metallurgy sector, countries which are discussed in the article, required similar skills, qualifications 

and education.  

The decrease in the number of employees in discussed countries was also caused by a reduction in sales and 

production, mainly liquidation of older technologies, which is connected with global automatization. This fact is 

obvious even in other industrial sectors and then is necessary to promote employees to get higher 

qualifications related to new technologies and processes. Each country in the world is experiencing similar 

problems, and all of them are subsequently applying their own support and training programs to create more 

favorable and attractive conditions for work in this field. Companies should focus on the skills and qualification 

development of their workers through professional courses and other learning activities, which also can 

motivate employees to be more engaged in the company. Managers have the main role in employee’s 

satisfaction, that is why people on these positions should support and help employees in their self and 

profession life. If employees fell satisfied and they are in good relations with their managers, their work will be 

more attractive and fluctuation level will decrease inside of company.       

In Germany, companies typically pay for high education programs or qualification courses for secondary school 

students. In this way, they prepare workers, who will have the skills, required for their future position. While in 

the Czech Republic and Slovakia this trend is not that common because of lower financial support from the 

government and each company to these activities. The government should also increase its financial 

investment in vocational education, encourage students to receive vocational education, provide subsidies for 

school-enterprise joint education, subsidize skilled labor to improve workers’ skills independently, and increase 

and promote the training of skilled mentors and highly-skilled talent. Enterprises should draft plans for 

incentives in career development and salary to motivate technical personnel. 

Because Ukraine and Russia are one of the most important importers of iron materials to the EU, there could 

be a problem with production, which can affect other sectors in the EU (for example automotive). Looking for 

alternative suppliers is not easy as Brazil, Australia, and South Africa have the closest suitable mines for EU 

metallurgy enterprises. It can cause not only lower production, but also dismissal of employees with lacking 

qualifications. This all leads to higher unemployment, then people will need to being requalified. 

4. CONCLUSION 

The paper contains the statistical information about employee development in selected countries, their 

activities and changes in labor market. Companies should support the employee’s education and motivate 

them to get higher qualifications. Younger generations are more focused on working in administration with 

computers. This situation is also evident beyond the selected countries. Each country in the world is 

experiencing similar problems, and all are subsequently applying their own support and training programs to 

create more favorable and attractive conditions for work in this field. 
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Abstract  

The paper deals with the application of automatically controlled vehicles in the metallurgical industry. The aim 

of the paper is to present a proposal for innovative safety of operating workers in the vicinity of an automatically 

controlled fire truck during the production of coke. The introductory part of the paper will be devoted to the 

explanation of the concept of automatically controlled vehicles, their possibilities, areas of their application and 

specifics in the field of metallurgical operations. The main part of the paper will be devoted to the creation of a 

proposal to ensure safety in the track area of an automatically controlled fire truck during the production of 

coke. Security designs using optical barrier fencing and control using PLC Simatic series S7-1200 will be 

presented. Visualization and control of fencing provided by the visualization program Promotic. The second 

way of innovative security is the use of a machine vision system using operational cameras on a fire truck. An 

algorithm based on environment color filtering with subsequent detection of operational workers will be 

introduced. The algorithm was tested on real camera recordings from the coking plant's operating environment.  

Keywords: Automatically controlled vehicles, safety, fire truck, coke plant, machine vision 

1. INTRODUCTION 

Automated vehicles began to be used in industry in the 1950s. The main goal of these vehicles was to speed 

up production and logistics, reduce the number of employees and reduce costs through automation. The aim 

of the article is to design safety in the vicinity of an automatically controlled fire truck during the production of 

coke. In order for the fire truck to operate in automatic mode, it must comply with safety regulations and a 

number of conditions that ensure safety for workers moving on the coking plant premises. The first way is to 

design security by means of security fencing using an optical barrier, which is controlled by a PLC and 

controlled via visualization software. The second way is machine vision testing, which could be used as a 

safety supplement. 

2. THEORY DESCRIPTION 

Automatically controlled vehicles are vehicles that do not require an operator or driver for their function. These 

vehicles are controlled by a controller (computer). We can find them in households such as: robotic vacuum 

cleaner, robotic lawnmower and window cleaner. They are most often powered by electricity using batteries. 

The most common uses of these vehicles in companies are for the transport of materials, cargo and goods. It 

can be used mainly in warehouses, production halls, distribution centers, but also in department stores. Moving 

costs is possible directly from the warehouse to the production line. If it is a modern company, everything is 

possible without the presence of man and thus there is an efficiency of material flow without interruption [1,4,6]. 

AGVs (Automatic guided vehicles) are designed for moving pallets. In addition to purely automatic forklifts, 

there are also hybrid types. For these types, it is possible to use both automatic control and purely manual. 
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Types of automatically steerable vehicles: 

 Underride 

A rover that has very small dimensions arrives under the container or the object intended for it, connects and 

then leaves with the container to its destination. The vehicle was to be used for the distribution of material 

inside hospitals or laboratories.   

 Piggyback 

Like forklifts, they are used to transport material, especially pallets. Unlike forklifts, however, they cannot load 

the load on their own.  

 Mini-AGV 

They are used for easy transport of smaller loads. They can be used mainly in smaller logistics halls, in e-shop 

warehouses or at post offices. 

 AGV assembly and production 

They serve primarily for the bulk of different parts between lines, others take the form of mobile robots thatcan 

also assemble individual parts. These vehicles are very widespread in the automotive industry.  

 AGV for transporting people 

Most often they can be seen in enclosed spaces, where there is a minimum amount of other non-autonomous 

means. The use of these AGVs can be found mainly at airports, golf courses, when collecting people from 

large parking areas, or for visitors to excursions.  

Navigation of automated guided vehicles 

There are several types of navigation systems. Their use depends primarily on the type of project, the work 

that the AGV will perform, the environment in which it will move. This is the most important system of these 

autonomous vehicles.  

The main tasks of navigation: 

 detection of the direction of movement and speed of the vehicle, 

 finding out where the vehicle is located, 

 where the vehicle can safely continue so as not to change direction and speed, 

 what needs to be done to ensure that the vehicle reaches its desired destination safely, 

 journey efficiency and energy savings with regard to the range to the desired destination, 

 always get to your destination or charging station [2,3,5,10]. 

Types of navigation systems for AGV: 

 Magnetic tapes 

Magnetic tapes stick to the floor, and a vehicle equipped with magnetic sensors follows the tape. The 

disadvantage of magnetic tapes may be the possibility of damage or tearing off the tape itself. This is a fixed 

route. There must be no obstacles on this route. Mostly it is an addition to this navigation to laser navigation. 

The advantage is the easy change of the route of the vehicle. Just remove the tape and a new one will stick 

to the new route.  

 Magnetic points 

This method of navigation is very similar to magnetic tape. Instead of tape, individual magnetic points are 

placed on the vehicle route. There is a magnetic sensor on the car that detects individual points. It is mainly 
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used as a complement to other navigation systems, for example as a control of the main navigation system. 

The advantages include the ease of removing or adding a new magnetic point. 

 Inductive  

It consists in guiding the vehicle using an active electrically conductive belt in the floor. Coils are placed under 

the vehicle. The current that flows through the conductive band in the floor creates different currents on the 

coils. The deviation of the vehicle from the guide track is recognized by the difference in currents on the coils.  

 Optic 

In most cases, there is a painted or glued strip on the ground, which is significantly different in color from the 

floor. An optical sensor located on the vehicle tracks the lane and navigates the vehicle along the route. In 

addition to the stripe, the optical sensor can also read various optical or code marks, such as code plates. In 

this way, it is possible to mark places to stop or places that indicate the exact position of the vehicle. The optics 

must be kept clean, dust-free. 

 Laser 

The basic principle of this navigation is to send a laser beam to the surroundings and at the same time count 

the time it takes for this beam to come back. Based on this information, it calculates the distance of the object 

that is located in the space scanned by the scanner. The great advantages of laser navigation are accuracy 

and ease of installation. Maintenance is also easy. It is sufficient to keep the reflective points and the laser 

navigation system clean. Laser navigation can be seen on Figure 1 [3,7,8,9,10]. 

 

Figure 1 AGV with laser navigation [4]  

3. FIRE TRUCK AT THE COKE PLANT 

AGVs are also widespread in the metallurgical industry. In this sector, vehicles are mainly used for the transport 

of very heavy materials such as liquid iron, steel coils, steel semi-finished products, coke and coal. Burning 

coke can be seen on Figure 2. In the sequence are the following steps: 

1) Ride to the chamber - In the coke battery chamber, the coke production process takes place. As soon 

as the necessary time for production has passed, it is necessary to push the coke out of the chamber 

onto the fire truck. 

2) Coke pushing - The ejection machine inserts the discharge rod into the chamber and starts pushing. 

After the discharge rod reaches a certain percentage of insertion, the fire extinguisher starts moving. At 

the moment when the pushing of the coke is finished, the sequence switches to the next step.  
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3) Driving under the extinguishing tower - At this stage, the fire truck is loaded with several tens of tons of 

glowing coke, which usually starts to burn in the air. The fire truck will now start and head under the fire 

tower, which is located at the end of the track. 

4) Extinguishing and dripping - As soon as the car reaches the desired position, extinguishing starts 

automatically. During extinguishing, water is released from the extinguishing tower, which "showers" the 

coke on the wagon, thereby extinguishing the flames and sharply lowering the temperature of the coke. 

In the event that extinguishing is not started within a certain time, the fire truck will trigger an alarm and 

drive to a position further away from the extinguishing tower. Successful extinguishing of the coke is 

followed by drip, during which the car stands and waits for water to drain. 

5) Ramp Ride & Ramp Tilt - There are several ramps at the coke plant and the program selects depending 

on which ramp is free of the desired ramp. In the last step, the ramp is tilted, the cycle is then switched 

to the first step and repeated.  

Dust and dirt are the biggest enemy of optical systems. It is necessary to often get rid of dust from these 

devices. Another complication is the possible damage to electronic devices after dust enters the electronics, 

or the increased temperature from the metallurgical environment to the electronics may play a role. In 

metallurgical environments, it is not advisable to use optical and laser navigation [8]. 

 

Figure 2 Burning coke [own processing] 

4. DESIGN OF SAFETY EQUIPMENT 

The area of the coke battery and the surroundings of the fire extinguishing vehicle yard is bounded by a safety 

fence that prevents unauthorized persons from entering the track during the operation of the fire extinguishing 

vehicle in automatic mode. The controller was selected by the Simatic S7 PLC. For the model example to 

secure, light barriers were selected. Access to the fence is possible through six gates (B1-B6), five gates (V1-

V5) or one barrier (Z1) see Figure 3. On the gates, gates and gates there are beacons signaling the secured 

or unlocked space. It is possible to enter the area of the yard only after switching off the automatic mode of 

the fire extinguishing vehicle and unlocking the space. The fence is drawn in green. Gates, gates and barriers 

in this case is a green rectangle. The operator has the opportunity to monitor whether the fencing is secured 

or unlocked and is able to manually secure and unlock the entire space or individual gates, gates, or barriers. 

Fencing can be controlled in several ways. One of the options is to manually control each part of the fencing 

separately. Another control option that acts as the primary control is to control the fencing through two buttons, 

namely "Unlock the space" and "Secure the space" as in Figure 3. 
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After pressing the "Odjistit prostor" button, the command is flipped to logical 1 and remains so until all elements 

of the fencing are unlocked. If there was indeed a release of all elements by fencing, the text with the red 

background "Odjištěno" was changed. Similarly, the "Vše odjištěno" light was colored red. If the operator 

presses the "Zajisti prostor" button, there will be a five-second delay and green signals will light up regarding 

the request for security. Securing is possible only if no fencing alarm is active. After 5 seconds, the text changes 

to green and "Zajištěno". Operation of the fire extinguishing vehicle is possible only with a fully secured area 

of fencing. The program constantly checks that all elements are closed and secured. In the event that a person 

passes, for example, through a light barrier in gate 1, an alarm and a warning about unauthorized entry for a 

specific element of fencing will be triggered. With the alarm triggered for a specific element, the combined 

alarm is also activated. This is transmitted to the fire truck and causes the activation of the emergency stop. 

Simultaneously with the activation of the combined alarm, the fencing is unlocked. Another very important part 

of the program is the control of communication between the PLC and the control computer, the so-called 

watchdog. In the event of a communication failure, the fencing is automatically unlocked on the PLC side and 

thus the automatic operation of the fire extinguishing vehicle is stopped. Next, the notification will be displayed 

under the "Fence alarm confirmation" button, where the text " Porucha komunikace s PLC " will begin to flash. 

 

Figure 3 Visualization of fencing [own processing] 

Use of machine vision of safety area 

Another option to ensure safety is the use of machine vision. Machine vision is most commonly used in 

industrial automation for product inspection. This kind of control replaces the human eye of the operator in a 

given position. Hardware includes sensors, sensors, image capture cameras, lighting for cameras, screens for 

displaying the output image, computers, etc. In addition, software and algorithms are needed to process data 

streams from cameras. In this part, the possibility of using machine vision to improve the safety of the track 

area in which the automatically steerable fire extinguishing vehicle moves was tested. The fire truck on which 

the cameras are placed is constantly moving from one side of the coke plant to the other. It was necessary to 

add color recognition of the workers' protective clothing and filter out the surrounding colors. Several pixels 

were selected from the workers' clothing (blue and green) and according to the resulting range of the RGB 

color model, which corresponded to the protective clothing, the surrounding color was filtered out. The system 

correctly recognized an approaching worker in the track environment. Another possible solution that could be 

considered is to add a pattern matching function. The pattern matching process consists of two stages: learning 

and comparing. During the learning phase, the algorithm is configured so that the programmer takes several 

pictures of a person wearing protective clothing. These slides form the template for the matching feature. 
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During the comparison phase, the algorithm compares the image with the learned pattern. The algorithm then 

finds matches located in the area of the inspected image. 

5. CONCLUSION 

The theoretical part described the types of automatic vehicles used in the automated industry. The theoretical 

part ended with a description of various types of navigation for automatically steerable vehicles in the 

metallurgical industry. In the next section, the working cycle of the fire extinguishing vehicle in automatic mode 

was described. For the practical part, the proposal to ensure safety in the vicinity of the automatically controlled 

fire extinguishing truck at the coke plant was solved. A PLC was used to control the fencing. Visualization and 

control of the fencing was provided by the Promotic visualization program. The fencing control was tested on 

a test PLC in simulation mode. Another proposal was security by recognizing the difference in the image using 

machine vision in the Matlab software environment. This option was first successfully tested on photos taken 

from the home environment. This was followed by testing on photographs taken from cameras in an industrial 

environment using color filtration. The algorithm was able to detect the difference between images without a 

worker and with a worker. Color filtering removed color from the image that did not match the color range of 

the worker's protective clothing. With such an algorithm, it is a condition that workers wear protective clothing 

of green and blue colors. 
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Abstract 

This paper takes China's listed iron and steel corporations from 2016 to 2020 as samples to discuss the 

relationship between corporate environmental responsibility and corporate value. Then, analyzes the 

moderating effects of corporate ownership and industry concentration on the above relationship by establishing 

econometric models based on the resource dependence theory. This study found that iron and steel corporate 

actively fulfilling environmental responsibility could improve corporate value in the context of cutting 

overcapacity and green transformation of China's iron and steel industry.  

Keywords: Steel, industry, ownership, environmental responsibility, corporate value 

1. INTRODUCTION 

The rapid and extensive development model of China's iron and steel industry creates many problems, such 

as environmental pollution, low industry concentration, disorderly competition, and production overcapacity. 

Therefore, since the beginning of the 11th Five-Year Plan for China's economic development, the iron and 

steel industry has been implementing structural reforms based on the supply side. The reform goals include 

cutting production overcapacity, improving industry concentration, and promoting steel production transition to 

green and low-carbon. Improving industrial environmental performance has become an essential aim of the 

ecological governance of China government which is facing increasingly severe environmental problems and 

societal pressure [1]. In China's transition from administrative to economic governance, the private corporation 

is different from the state-owned corporation in organizational structure, operating decisions, and management 

models. The heterogeneity of corporate ownership may affect its competitive advantage in the market, resulting 

in different emphases of corporations on environmental management [2]. China's iron and steel corporations 

have begun to balance environmental responsibilities and economic performance based on the consideration 

of corporate development strategies and changes in the concentration of China's iron and steel industry. 

Whether the corporate implementation of environmental responsibility can truly enhance corporate value or 

not has become an urgent concern for corporate decision-makers. Therefore, this paper presents the following 

questions: 

 In the context of the supply-side reform of China's iron and steel industry, what impacts does the 

corporate implement environmental responsibility have on corporate value? 

 What impact does the private corporation implement environmental responsibility have on corporate 
value? 

Based on sustainable development theory, stakeholder theory and resource dependence theory, this paper 

takes market competition as the background, comprehensively considers industry concentration and corporate 
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ownership as moderator variables, and establishes econometric models to theoretically analyzes and 

empirically test the impacts of corporate environmental responsibility on corporate value.   

2. LITERATURE REVIEW AND RESEARCH HYPOTHESES 

At present, one of the mainstream opinions in the research on corporate environmental responsibility is "profit-

driven", but there have several competing thoughts on how environmental responsibility affects corporate 

value. Palmer et al. believe that corporate reducing pollution and improving the environment will 

correspondingly reduce the marginal income [3]. Lankoski found an inverted U-shaped relationship between 

corporate environmental performance and corporate value [4]. McWilliams and Siegel believe that there has a 

neutral relationship between environmental responsibility and corporate value [5]. Overall, there is still much 

room for research on the relationship between environmental responsibility and corporate value. 

2.1. Environmental responsibility and corporate value 

The traditional corporate theory holds that the implementation of corporate social responsibility is entirely to 

serve the interests of shareholders. However, with the increasing demand for corporate social responsibility 

from all sectors of society in recent years, implementing social responsibility has become one kind of the 

effective means for corporations to gain legitimacy [6]. Moreover, after the corporation obtains this legitimacy, 

it will affect its subsequent economic performance. This opinion is supported by stakeholder theory and some 

latest corporate social responsibility literature that corporations can view environmental responsibilities as a 

strategic means to gain competitive advantages [7,8]. Although the government controls the critical resources 

to develop corporate needs, corporate often implements political strategies to obtain relevant resources which 

include not only direct means such as lobbying and rent-seeking but also corporate support and response to 

government policies [9,10]. Due to the particularity of the iron and steel industry being a heavily polluting 

industry, the government has become more and more strict with its environmental regulations, and financial 

support and tax incentives are biased towards corporations that focus on environmental protection. On the 

contrary, if a corporation with poor environmental performance conveys blind expansion and self-serving 

strategic policies to society, the government may impose corresponding penalties, and penalties will cause the 

public to lose confidence in the corporation.  Ultimately, it will affect corporate profitability and damage the 

corporate economic value. Based on the above analysis, this paper proposes the following hypothesis. 

Hypothesis 1 Implementation of environmental responsibility could help corporations to improve their 

corporate value. 

2.2. The moderating effect of the nature of corporate property rights on the relationship between 
"Environmental responsibility - Corporate value" 

He xiaogang et al. believe that there are significant differences in the costs and motivations of establishing 

political relations between corporations with different ownerships in China [11]. Although private corporations 

have more autonomy and flexibility in their strategies and decision-making than state-owned corporations, 

there are still certain disadvantages in obtaining some critical resources from public departments. Therefore, 

the private corporation has more motivation to engage in socially beneficial activities, and through this kind of 

means to establish friendly relations with the government to overcome the disadvantages in obtaining critical 

resources [10]. Gao Honggui took private corporations as the research objects and used the game theory to 

analyze the promoting role of mechanism in the corporate decision of whether to implement environmental 

responsibility. The result shows that rewarding good and punishing bad is an advantageous solution which 

means government intervention is essential [12]. Especially iron and steel corporations belong to the heavy 

pollution industry, the public and government pay more attention to their environmental performance than other 

industries. So, if the private corporate implement environmental responsibility as an altruistic behavior of caring 

about people's livelihood and serving the society, allows the private entrepreneur to obtain political status by 
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good reputation by gaining public support and respect. The entrepreneur could help the private corporate keep 

further strengthening relationships with the government to remedy resource disadvantages, and improve 

private corporate economic performance. Based on the above analysis, this proposes the following hypothesis. 

Hypothesis 2 Compared with corporations with other kinds of property rights, private corporations' 

implementation of environmental responsibilities is more conducive to improving their corporate value. 

2.3. The moderating effect of changes in industry concentration on the relationship between 
"Environmental responsibility - Corporate value" 

According to the statistics data of the China Iron and Steel Industry Yearbook, in 1992, there were only 1,744 

iron and steel corporations in China, but in 2013, the number of iron and steel corporations in China reached 

14,523. The rapid growth of iron and steel corporations led to intensified competition within the iron and steel 

industry, the iron and steel industry’s capacity utilization rate and industry concentration became lower, and 

increasingly severe environmental pollution problems [13]. The Chinese government has formulated shutdown 

policies for outdated production capacity in the iron and steel industry since 2011 and requires to eliminate all 

production capacity with high energy consumption, serious pollution of the environment and backward 

technological conditions. And require iron and steel corporations to increase energy conservation and emission 

reduction efforts and actively implement their environmental responsibilities. Xu and Zhou found that when the 

market is immature in the early stage of industry development, the market prospect is relatively certain, but 

the market demand has high uncertainty, and the market concentration and capacity utilization rate are low; 

while as the industry matures gradually and the uncertainty decreases, the dominant corporations will continue 

to expand the scale, gradually eliminate inferior corporations, and finally form a more reasonable market 

structure and capacity utilization rate [14]. Therefore, in this context of cutting production overcapacity and 

energy conservation and emission reduction in the iron and steel industry, as the competition intensifies in the 

market, products and services are gradually developing towards homogeneity. The increase in supply may 

lead to insufficient customer loyalty, coupled with the competitors, and the operating costs of the entire industry 

will rise. At this time, corporations implement their environmental responsibilities, which can get higher 

recognition from customers and society and meet the requirements of policy guidelines to gain more market 

share and improve corporate value. Based on the above analysis, this paper proposes the following 

hypothesis. 

Hypothesis 3 The industry concentration is higher, and the positive effect of corporate green responsibility on 

corporate value is greater. 

2.4. The strengthening effect of industry concentration on the moderating effect between the nature 
of corporate property rights and corporate value 

The state-owned corporation has more substantial impacts on regional economic development and 

employment than the private corporation, which is easier to get government support. Therefore, the financing 

channels and capital of state-owned corporations are relatively sufficient, which can minimize the risk of 

delisting due to sustained losses [15]. However, the private corporation must pay more attention to long-term 

survival and development. Furthermore, changes in industry concentration will aggravate the sensitivity of the 

private corporation to survival pressure due to the private corporation don't have the "innate advantages" 

relationship with local governments. Therefore, the private corporation must more actively implement its 

environmental responsibility to obtain critical resources and better government support to grab more market 

share and improve the corporate value through seeking breakthroughs in R&D and innovation and introducing 

green technologies [12]. Based on the above analysis, this paper proposes the following hypothesis. 

Hypothesis 4 The positive effect of environmental responsibility on corporate value is more significant for 

private corporations when the industry concentration becomes higher. 
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3. RESEARCH DESIGN 

3.1. Design of variables 

In this part, the variables involved in this paper will be clearly defined and introduce the measurement methods. 

The dependent variable is the corporate value. 

Corporate value - CV. The current literature mainly uses ROA, ROE, ROS or Tobin's Q to reflect the 

profitability of corporations. ROA reflects the profitability and development strength of a corporation [16], which 

is more convincing in measuring the value of a corporation. This paper chooses the ROA to measure the 

corporate value. 

Corporate environmental responsibility - CER. Considering the limited quantity and quality of social 

responsibility reports released by Chinese corporations, the scoring method that relies on annual and social 

responsibility reports may be more authoritative and comprehensive [10]. This paper refers to the method of 

Jia and Liu, which will use the corporate social responsibility score published by Hexun to measure the green 

responsibility of coporations [17]. 

Industry concentration - HHI. The Herfindahl-Hirschman Index (HHI) measures the degree of market 

competition in the industry in which a corporation operates. 

Corporate ownership - OWS. Whether the corporation's controlling shareholder includes the state-owned 

department or institution is the standard to define whether the private corporation or not. Set to 1 if not included, 

and 0 is included. 

Company size - SIZE. Measure by the logarithm of the number of employees in the corporation. 

Asset-liability ratio - DEB. The percentage of long-term liabilities to the corporation's total assets. 

Age of listed - AGE. The number of years the corporation has been listed. 

Corporate R&D and Investment - CRD. The corporate R&D investment is divided by total assets. 

Capital intensity - CI. Annual operating income divided by total assets. 

Corporate operational efficiency - CRR. The Cost Revenue Ratio. 

Level of regional development - LRD. The GDP of the region where the corporate location as percentages 

of the government budget 

3.2. Model design 

This paper sets the following models to test the hypotheses proposed: 

                                                                                                                                   (1) 

                                                                                                 (2) 

                                                                                                   (3) 

              (4) 

where: 

5�  - variable coefficient 

CV  - the dependent variable, Corporate value 

CER  - the independent variable, Corporate environmental responsibility 

HHI  - the moderating variable, Concentration ratio.  

iXCERCV   210

iXOWSCEROWSCERCV   43210

iXHHICERHHICERCV   43210

iXOWSHHICERHHIOWSOWSCERHHICERHHIOWSCERCV   876543210
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OWS  - the moderating variable, Corporate ownership. 

X  - control variables 

�� - random disturbance term 

3.3. Sample selection and data sources 

This paper selects the iron and steel corporations listed on the Shanghai and Shenzhen stock exchanges from 

2016 to 2020 as the base samples. The sample corporations' operational and financial data will select from 

the WIND database, the CCER database, the CHOICE database, and the CSMAR database. Iron and steel 

industry data and regional economic data select from China Steel Industry Yearbook and China Regional 

Economic Yearbook from 2016 to 2020. 

4. EMPIRICAL ANALYSIS AND RESULTS 

4.1. Descriptive statistics and correlation analysis 

Descriptive statistical analysis was performed on each variable before regression analysis. The correlation 

coefficient between CER and CV is 0.326 (p<0.01), which passed the significance test and preliminarily verified 

Hypothesis 1. This paper also conducts VIF analysis. The fluctuation interval of VIF value is less than 10, so 

it can be determined that there has no serious multicollinearity between variables. 

4.2. Regression analysis 

In Table 1, M1 is the test results including all control variables, M2 is the test results by the model (1), M3 is 

the test results by the model (2), M4 is the test results by the model (3), M5 is the test results by the model (4). 

Table 1 Test results of the relationship between environmental responsibility and corporate value 

Variable M1 M2 M3 M4 M5 

CER  0.0476*** 0.0523*** 0.0467*** 0.0405*** 

CER¯OWS   0.0332***  -0.1566* 

CER¯HHI    0.0243*** 0.0238*** 

OWS¯HHI     -0.3654 

CER¯OWS¯HHI     0.0362** 

Cons 6.9246** 4.9846* 5.3946* 5.3246* 5.9246** 

Adjusted R2 0.0492 0.0591 0.0597 0.0608 0.0625 

F 31.5493 42.8791 39.9273 41.6676 34.5552 

N 1595 1595 1595 1595 1595 

Notes. *, ** and ***, respectively, denote significance at 10 %, 5 % and 1 %. 

The test results of M2 in Table 1 show that the regression coefficient of environmental responsibility is 0.0476 

(p<0.01), which has passed the significance test. It shows that corporate implementation of environmental 

responsibility can significantly enhance corporate value. Hypothesis 1 has been verified. In M3, the interaction 

coefficient of the nature of corporate ownership and environmental responsibility was 0.0332 (p<0.01), which 

passed the significance test. It shows that compared with other nature of corporate ownership, private 

corporation implementation of environmental responsibility can be more conducive improve corporate value. 

Hypothesis 2 has been verified. In M4, the interaction coefficient of industry concentration and environmental 

responsibility is 0.0243 (p<0.01). It shows that the higher the industry concentration, the more significant 
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corporate value promotion by corporates implement environmental responsibility. Hypothesis 3 has been 

verified. In M5, the interaction coefficient of industry concentration, corporate ownership and environmental 

responsibility is 0.0362 (p<0.05), which passed the significance test. It proved the nature of corporate 

ownership could strengthen the positive moderating effect of the relationship between “environmental 

responsibility and corporate value”. And it shows that when the industry concentration is higher and privately-

owned corporations, the positive effect of environmental responsibility on corporate value is more significant. 

Hypothesis 4 has been verified. 

4.3. Robustness test 

4.3.1. Alternative dependent variable 

Different indicators substitute corporate value may affect the test results of the models. Therefore, this paper 

refers to the method of Wang and Qian, which uses Tobin's Q ratio as an alternative indicator of corporate 

value, and re-tests the above models [16]. With the same statistical method as above, the test results are 

shown in Table 2. 

Table 2 Robustness test 

Variable M1 M2 M3 M4 M5 

CER  0.0047*** 0.0006 0.0025 0.0037* 

CER¯OWS   0.0061***  -0.0095** 

CER¯HHI    0.0048*** 0.0047*** 

OWS¯HHI     0.0239 

CER¯OWS¯HHI     0.0216*** 

Cons 0.9568 0.3413 0.3988 0.3732 0.4231 

Adjusted R2 0.0281 0.0256 0.0261 0.0267 0.0277 

F 16.8121 14.7644 14.1609 14.6763 13.7182 

N 1595 1595 1595 1595 1595 

Notes. *, ** and ***, respectively, denote significance at 10 %, 5 % and 1 %. 

The test results of M2 in Table 2 show that the regression coefficient of CER is 0.0047<0.01), which is passed 

the robustness test. In M3, the interaction coefficient of the OWS and CER is 0.0061 (p<0.01), which is passed 

the robustness test. In M4, the interaction coefficient of HHI and CER is 0.0048 (p<0.01), which is passed the 

robustness test. In M5, the interaction coefficient among HHI, OWS and CER is 0.0216 (p<0.01), which passed 

the robustness test. The analysis results of this paper still have strong robustness when substituted indicators 

of corporate value. 

4.3.2. Radom sample 

Different sample volumes may affect the robustness of the results. Therefore, this paper randomly selects 

80 % of the subsamples for testing. The results as shown in Table 3. 

The test results of M2 in Table 3 show that the regression coefficient of CER is 0.0363<0.01), which is passed 

the robustness test. In M3, the interaction coefficient of the OWS and CER is 0.0271 (p<0.01), which is passed 

the robustness test. In M4, the interaction coefficient of HHI and CER is 0.0144 (p<0.01), which is passed the 

robustness test. In M5, the interaction coefficient among HHI, OWS and CER is 0.0384 (p<0.01), which passed 

the robustness test. The analysis results of this paper still have strong robustness after randomly selecting 

80 % of the sub-samples. 
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Table 3 Robustness test 

Variable M1 M2 M3 M4 M5 

CER  0.0363*** 0.0368*** 0.0381*** 0.0298*** 

CER¯OWS   0.0271***  0.2547** 

CER¯HHI    0.0144*** 0.0246*** 

OWS¯HHI     -0.2012 

CER¯OWS¯HHI     0.0384** 

Cons 6.9772** 5.2402* 5.4126* 5.3655* 6.4340** 

Adjusted R2 0.0421 0.0498 0.0500 0.0513 0.0541 

F 29.2953 37.3246 34.5416 36.4237 30.5951 

N 1286 1286 1286 1286 1286 

Notes. *, ** and ***, respectively, denote significance at 10 %, 5 % and 1 %. 

5. CONCLUSION 

Combining the actual development situation of China's iron and steel industry and relevant theories, this paper 

discusses the impacts of environmental responsibility on corporate value, and analyzed the moderating effects 

of industry concentration and corporate ownership on the above relationship. By analyzed the data of China's 

listed iron and steel corporations from 2016 to 2020, the conclusions of this paper are as follows: 

 Implementation of environmental responsibility has a significant positive effect on enhancing corporate 

value. 

 The nature of corporate ownership plays a significant role in regulating the relationship between 

"Environmental responsibility and Corporate value". Compared with other types of corporations, private 

corporations' implementation of environmental responsibility plays a more significant role in the later 

value enhancement. 

 In the context of China's steel industry cutting overcapacity, industry concentration has played a 
significant positive moderating role between "environmental responsibility and corporate value". 

 Industry concentration has a significant secondary moderating effect between the nature of corporate 

ownership and the relationship between "Environmental responsibility and Corporate value". In the 

context of Intensified competition in the iron and steel industry, private corporations need to actively 

implement their environmental responsibilities to protect and gain market share to increase their market 

value. 
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Abstract  

A large portion of industrial projects fail in one or more parameters of project goals. Therefore, authors of the 

paper have focused on identifying the failure roots through a survey performed among industrial companies 

from automotive, foundry & metallurgy and aerospace area located in the Czech Republic. Based on the 

analysis of projects structure, the paper has defined which parameter most critically affect projects success or 

unsuccess in the specific sample of companies of all sizes. The paper focuses on and discusses in detail the 

projects deadline, budget and quality as key parameters which exceeding causes the most often project 

failures.  

Keywords: Project management, failure, time, quality, costs, industry, metallurgy, survey 

1. INTRODUCTION 

Each project is unique and requires original attitude to reach a goal and expectations. An important input  

is that every project has to be specific, measurable, achievable, realistic and time framed (SMART).  

The important fact is that project has to have defined start and the end. Based on that, project can´t be 

managed as a routine process [1]. Due to uniqueness of projects, they can be split into four main categories 

based on [2]: 

 time - short term, middle term, long term, 

 size - small, medium, large, 

 complexity - simple, complex, 

 resources - internal, external, mixed. 

It was mentioned that every project is different but there are three basic parameters common for every single 

project - time, quality and costs. The general requirement is to minimize costs and time of the project and on 

the other hand to maximize the quality of final product of the project. The quality of the project is evaluated by 

customer, so it is important to collect all necessary inputs before project start and to find an agreement with 

the customer about the quality requirement. Also, time frame of the project needs to be defined before  

the beginning and agreed by all stakeholders. Costs are formed by human resources, material resources  

and financial resources and it is always a challenge for a project manager to set up the financial plan precisely.  

All these details have to be prepared before the project start in so called pre-investment phase. [3,4] 

The project phase is focused on the project execution. It attempts to meet all requirements and to manage the 

project effectively until the product is transferred to its final customer. Each project has its project manager 

who manages and controls all project milestones as well as conditions and monitors how project continuously 

achieves planned goals and terms [5] 
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However, it is very hard to meet all key parameters of project - time, quality, costs as every project is unique, 

it has specific resource requirements and depends on many conditions both internal and external ones which 

affect achieving goals of the project. [6]. 

Current literature researches describe that a lot of companies accept customer requirements even if they know 

that project parameters are not reachable just to get the contract and do their business [7]. Another research 

presents that project companies accept the project and then provide many excuses during the project phase 

to justify any project failure. Nevertheless, both approaches are short-sighted because the company reputation 

and future contracts are threatened [8]. 

2. METHODOLOGY OF THE RESEARCH 

The focus of this paper is to answer several research questions aiming to three key project parameters - time, 

quality and costs in conditions of foundries & metallurgy, automotive and aerospace companies in the Czech 

Republic. 

2.1. Data Collection 

The whole research was performed in 2020 and data were collected in foundries & metallurgy, automotive and 

aerospace industries in the Czech Republic. Totally 83 questionnaires were sent to the companies via e-mail 

and 71 replies were received so the return rate of questionnaires was 85,5 %. The structure of sample based 

on the company size was following:  

 11 small sized companies (<50 employees), 

 36 medium sized companies (51-250 employees¨), 

 24 large sized companies (250< employees). 

Based on the industrial area, the sample was followed: 

 23 foundries & metallurgy, 

 35 automotive industries, 

 13 aerospace industries. 

Totally 568 projects were performed in 2020 by the whole sample based on data provided. The focus  

of the questionnaire was to identify root cause of projects failure and to see how much percentage of projects 

are successful or unsuccessful.  

The following research questions were formulated: 

1. What was the project structure based on their complexity? 

2. How many % of projects were unsuccessful from the whole volume of projects? 

3. How many % of projects were unsuccessful due to time parameter? 

3.1. What were the main failure reasons? 

4. How many % of projects were unsuccessful due to costs parameter? 

4.1. What were the main failure reasons? 

5. How many percent of projects were unsuccessful due to quality parameter? 

5.1. What were the main failure reasons? 

3. RESULTS 

Following part represents the data analysis based on the data received from the questionnaires.  
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3.1. Projects Structure 

In the first phase all the questionnaires were sorted out into the categories based on the project’s lifetime and 

how complex they are. Based on this, it was possible to define what types of projects were solved in the 

foundries & metallurgy, automotive and aerospace industries.   

The projects were divided into three categories according to their time intensity: 

 short-term projects (<1month), 

 medium-term projects (1-3 months), 

 long-term projects (3 months <). 

The data showed that 244 projects were short-term, 182 were medium-term projects and 142 projects lasted 

more than 3 months. 

The complexity of the projects was defined as follows: 

 Simple projects - projects with low risk and scope - containing up to 10 milestones, 1 critical path and all 

actions are well known 

 Complex projects - projects that contain more than 10 milestones, more critical paths and not all actions 
are known. 

The following figure shows the projects according to their difficulty and time.   

 
Figure 1 Structure of the projects 

Figure 1 shows that short-term projects have significantly higher proportion of simple projects (202; 83 %) 

than complex projects (42; 17 %). In the case of medium-term projects, there is already a higher proportion of 

complex projects (121; 66 %) compared to simple ones (61; 34 %). The last category with long-term projects 

contains the majority of complex projects (133; 94 %), simple projects represent only (9; 6 %) small sample of 

projects. 

3.2. Projects Key Parameters  

In the following section, the ratio of successful to unsuccessful projects in the surveyed companies was 

determined, including key parameters of failure. 

Figure 2 simply shows the proportion of successful and unsuccessful projects in the companies surveyed. 

From the total number of 568 projects, 460 (81 %) were successfully completed in terms of meeting all criteria: 
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time, price and quality of the project. The remaining 108 (19 %) projects were evaluated as unsuccessful. 

Unsuccessful projects are projects for which at least one of the key parameters - time, price or quality - has 

not been met. 

 

Figure 2 Successful and unsuccessful projects 

Figure 3 shows the distribution of failed projects according to key project parameters. 

 

Figure 3 Failure reasons from the key project parameters 

4. DISCUSSION AND CONCLUSION 

In the survey all projects were divided according to their duration and complexity. The main goal was to identify 

the main causes of project failure in terms of non-compliance with key parameters such as time, quality and 

cost (price). These are described below, including the reasons for exceeding the parameter originally defined. 

The research questions were answered as follows: 

1. What was the project structure based on their complexity? 

The projects structure of our sample was following - 272 simple projects and 296 complex projects.  

It is important to mention that complexity of projects grow together with time severity of projects. 

2. How many % of projects were unsuccessful from the whole volume of projects? 

There were 19 % of unsuccessful projects so totally 108 projects out of 568. Despite the fact that every 

fifth project is unsuccessfull, we consider this as a little success during the COVID-19 circumstances. 

3. How many % of projects were unsuccessful due to time parameter? 

From the last picture it is clear, that most of the projects failed due to the time parameter 64 % (69 

projects out of 108). 
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3.1. What were the main failure reasons? 

The main reason of this failure in 2020 was caused by covid-19 situation as factories struggled with lack 

of human resources to ensure all important tasks. Also supply chain was affected by covid-19 so 

suppliers were not able to deliver required material on time. However, the covid-19 is not the only reason 

of time failure. Incorrect planning was also one of the key reasons of time failure.   

4. How many % of projects were unsuccessful due to costs parameter? 

The second largest part of the failure belongs to the cost parameter with the value of 25 % (27 projects 

out of 108). 

4.1. What were the main failure reasons? 

The biggest driver is the difference between planned costs of incoming material or service and final 

costs. 

5. How many % of projects were unsuccessful due to quality parameter? 

Smallest portion of the failure belongs to the quality with the value of 11 % (12 projects out of 108). 

5.1. What were the main failure reasons? 

We found that there are two main reasons of failure and these are the lack of qualified human resource 

and manufacturing processes. 

We can say that the sample and data of our research are relatively huge and reliable. From the above is quite 

clear what portion represents each key project parameter in regard to the failure. Main key drivers of each 

parameter are also summarized. All the research questions were successfully answered.  

Future research can be aimed to the other countries, so we have a data to be compared.  
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