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Abstract 

The work is dedicated to obtaining a complex Al-Mn-Fe master alloy for precise alloying high-manganese 

steels with aluminum high content as well as for making additions during aluminum alloys production. The 

addition of aluminum large quantity to steel during steelmaking is an especially difficult task, because of the 

low density and melting temperature of aluminum. A complex Al-Mn-Fe master alloy with more high density 

and melting temperature then aluminum may be proposed as an alternative for metal aluminum at precise 

steel alloying. Such master alloy also may be useful for preparing traditional cast aluminum alloys and special 

creep-resistant Al-based alloys. In this investigation, the master alloy was prepared via electron-beam casting 

technology (EBCT) with using cheap raw materials like ferromanganese and aluminum scrap. It was 

established there is a possibility to obtain an alloy with a high content of main components and low content of 

carbon due to the process peculiarities. The prepared master alloy Al-17Mn-4Fe has a density of 3.8 g/cm3 

and a specific structure, that contains phases with a significantly higher melting point than pure aluminum. 

Keywords: Master alloy, high-manganese steel, alloying, aluminum, electron-beam casting technology 

1. INTRODUCTION 

During the last decade, a lot of attention was paid for problems connected with high-strength austenitic steels 

with twinning induced plasticity (TWIP) for automotive and other industries. Such steels have high hardening 

properties, excellent ductility (up to 95 %), and may significantly reduce the weight of constructions [1-5]. 

Usually, they can contain (wt. %) 17-34 Mn, 3-14 Al, 1-3 Si, 0.01-1 C [5-7]. 

But a lot of specific problems arise in their production. In particularity, a necessity alloying with a significant 

amount of manganese and aluminum causes problems during steelmaking. Using of ferroalloys has limitations 

because of high carbon content, phosphorous presence, and some other admixtures. For example, 

ferromanganese may contain 1-8 wt. % of carbon, ferrosilicon may contain 0.2-1 % wt. of carbon, 

ferroaluminum may contain up to 0.2 % wt. of carbon and up to 0.5 % wt. of copper. The phosphorous content 

in these ferroalloys may vary from 0.05 % wt. to 0.7 % wt. On the whole that limiting to use them for the final 

precise adjusting of the chemical composition of steels. 

As a rule, aluminum added for alloying in the form of pure metal, but in case of introducing large portions, 

some technical problems caused by aluminum physical properties arise. The most widely used method for 

precise alloying steels with active elements consists of using a feeding wire. The wire may be filled with alloying 

elements, compacted inside an iron shell. But in some cases, using bulk parts of master alloys is preferable 

including for steel alloying with aluminum. That makes the task of developing special master alloys on the base 

of aluminum and technologies for their preparation relevant. 
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Such master alloys also may be very useful for producing Al-based alloys. New machines and constructions 

require new heat resistant aluminum alloys and their creation is connected with a significant content of Fe and 

Mn. Such alloys mostly belong to casting materials, so they have to consist of eutectics. At the same time, 

alloying components should be almost insoluble in matrix metal and form intermetallic phases, stable up to 

450 °C and higher. [8-11]. Manganese, iron, nickel, cobalt, and a few other elements are mostly attractive for 

achieving such goals. Thus, the production of not very expensive master alloys with a high amount of main 

alloying components is an important task too. 

In this regard, the possibility of obtaining a complex Al-Mn-Fe master alloy for precise alloying via electron-

beam casting technology (EBCT) was explored. The EBCT technology was developed in the Physical and 

technological institute of metals and alloys (National academy of science of Ukraine) refers to vacuum 

technologies, which uses a high energy independent heating source [12]. The method provides an ability of 

selective melting of metal charge components that were charged together. Melt homogenization provides by 

an electro-magnetic stirring system, which is important when remelting compounds with sharply different 

densities. 

The main idea was to obtain Al-Mn-Fe master alloy by remelting a cheap charge, composed of ferroalloys and 

different kinds of scrap, with maximal manganese assimilation and carbon removing. 

2. EXPERIMENTAL PROCEDURE AND RESULTS  

EBCT was used to prepare Al-Mn-Fe master alloy with using ferromanganese FeMn75 and waste 

electrotechnical aluminum. Graphite crucible with the charge was deposited inside the water-cooling section 

copper holder. The melting process occurred slight growth of electron-beam heating power from 10 to 45 kW. 

Liquid melt has been sintered for 10 minutes under average e-beam heating power about 40 kW. 

Because of Mn high evaporation rate under vacuum and high carbon content in ferromanganese (up to 6-

8 wt.%) special technological decisions were necessary. EBCT method allowed us to meet the tasks via its 

specific technological abilities, such as independent heating source and electromagnetic stirring, which 

provides significant local overheating of melt under continuous heat-mass transfer. During the process, heavy 

Fe-Mn parts of charge are deposited at the bottom of the crucible and covered by liquid aluminum. That 

protects Mn from rapid evaporation. The energy efficiency of the whole process is quite high because of low 

needed energy and high heat isolation. 

Aluminum has been deposited at the bottom or graphite crucible ferromanganese - at the top of the aluminum 

charge. The melting process included crucible preheating at the same time with ferromanganese due to the e-

beam scanning regime. After aluminum started melting, e-beam was focused at the center of the crucible. 

Then, overheating to 800-900 °C was provided at the same time with electromagnetic stirring. Convective melt 

flows a high temperature-induced Fe and Mn diffusion into liquid aluminum. Heavy carbides and light-weight 

oxides were separating from a liquid melt, according to treatment time and temperature. The top layer of 

insoluble admixtures was protecting Al and Mn from intensive evaporation. After reaching a temperature of 

about 1,100-1,200 °C, the liquid melt has been poured into a steel mold. Cylindrical ingot with 38 mm diameter 

and 320 mm length has been obtained (Figure 1). It contained (wt. %) Al-17Mn-4.2Fe and its density was 

3.8 g/cm3. 

Structure and phase composition of the obtained ingot was also explored. The specimen was taken from the 

central part of the ingot, ground, polished, and itched in acid solution: 94 ml H2O, 2.5 ml H2SO4, 2 ml HCl, 1 ml 

HNO3, 0.5 ml HF. The microstructure was evaluated by using SEM Tescan Vega-3, equipped with Bruker 

console, that makes able to investigate the local chemical composition of structural elements. Structures are 

shown in Figure 2 and local chemical composition is given in Table 1. 
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Figure 1 Experimental Al-Mn-Fe master alloy ingot 

 

Figure 2 Microstructure of master alloy in back scattered electrons with marked areas for local chemical 
composition investigation 

Table 1 Chemical composition of phases, according to marked areas 

Point 
Elements (wt. %) 

Phase (1) 
Al Fe Mn Mg Si 

1 59.6 8.02 30.4 0.22 0.38 γ2-Al8(MnFe)5 

2 72.24 5.44 20.84 0.3 - HT-Al11(MnFe)4 

3 95.77 0.24 1.8 0.3 0.1 Al-based solid solution 
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The master alloy structure consists mainly of three zones. Dendritic-like grains have a composite structure 
when the most high-temperature phase is coated by the familiar phase, formed mainly because of the 
concentration gradient, which was forming during crystallization. Due to chemical composition, it seems, that 
areas 1 and 2 seem to match γ2-Al8Mn5 and HT-Al11(MnFe)4 phases respectively [13]. Such phases can 
content some volumes of Fe. There are two very important features about γ2 and HT phases - they are stable 
up to ~1,000 °C [13,14] and they are surrounding significant volumes of aluminum. 

X-ray diffraction analysis was performed by Rigaku Ultima IV device. It confirmed the presence of high-
temperature γ2 and HT phases and also showed the absence of carbides and oxides inside master alloy 
specimens.  

Such characteristics are useful to prevent the quick dissolution of master alloy bulk in top layers of slag or 
liquid steel while alloying. At the same time, small grain size (50-250 μm) may provide quick assimilation of 
alloying elements after the feeding master alloy piece is melted. Such characteristic is also useful for Al-based 
alloys, which have an average melt preparing temperature around 820-850 °C. 

3.  CONCLUSIONS 

Low density, melting point, and high reactivity of aluminum complicates its insertion and assimilation in liquid 
steel. To improve the effectiveness of the high-manganese steels alloying with aluminum it is proposed to use 
Al-Mn-Fe master alloys. 

In laboratory conditions, Al-17Mn-4Fe master alloy was obtained via the EBCT technic with using cheap raw 
materials. In experiments, electrotechnical aluminum scrap and screenings of ferromanganese were used as 
a charge, which is significant from the point of the final product cost. 

The EBCT technic provides good enough assimilation of manganese from a charge. 

The obtained metal had a relatively high density of 3.8 g/cm3. Phase composition referred by two connected 
high-temperature phases γ2-Al8Mn5 and HT-Al11Mn4, which are stable up to ~1,000 °C. They also are 
surrounded by some volumes of aluminum, which may prevent its quick melting and dissolution after master 
alloy addition inside the liquid steel.  

Supposed to that such Al-Mn-Fe master alloys may also be helpful in producing the new creep-resistant Al-
based alloys. 
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Abstract 

Non-metallic inclusions are one of the factors that influence the fatigue strength of steel. Although steel has a 
relatively small number of non-metallic inclusions, those impurities have a considerable impact on the 
material's technological and strength parameters, in particular fatigue strength and life. The study was 
performed on 7 heats produced in an industrial plant. Fourteen heats were produced in 140 ton electric 
furnaces. The experimental variants were compared in view of the applied melting technology and heat 
treatment options. The results were presented to account for the correlations between the fatigue strength 
coefficient during rotary bending, the diameter of and spacing between submicroscopic impurities. Equations 
for calculating the fatigue strength coefficient at each tempenering temperature and a general equation for all 
tempering temperatures were proposed. Equations for estimating the fatigue strength coefficient based on the 
relative volume of submicroscopic non-metallic inclusions were also presented. The relationship between the 
fatigue strength and hardness of high-grade steel vs. the quotient of the diameter of impurities and the spacing 
between impurities were determined. The analyzed material was one grade of medium-carbon structural steel. 
The proposed linear regression equations supported the determination of fatigue strength coefficient and 
bending fatigue strength as a function of hardness taking into account impurities. The proposed equations 
contributes to the existing knowledge base of practices impact of impurities with various diameters and spacing 
between non-metalic inclusion on fatigue strength.  

Keywords: Steel, impurities, non-metalic inclusions, fatigue strength, bending fatigue strength 

1. INTRODUCTION  

The properties of medium carbon steel are influence of different factors, including chemical composition, 
manufacturing technology, working conditions and other. The most harmful in processes of exploitation are 
random and unforeseeable damages and breakdowns of machines. The reasons of breakdown may depend 
from human factor, from constructional or material factor ant other. The most important are the called out with 
fatigue of material crack are the cause of unexpected appearing damages. There are many of factors 
influencing on fatigue strength of materials. The tensions of, cycle, of frequency influence, size and the shape 
of object of, temperature, corrosion, environment, thermal processing, state of surface as well as the structural 
defects we can include to main factors. One of the most important material factors responsible for sudden 
damage is the unfavorable steel microstructure. In addition to the typical components of the microstructure 
resulting from the planned chemical composition and heat treatment of steel are non-metalic inclusions [1,2]. 
The quantity and quality of non-metallic inclusions is determined mostly by the steel melting technology. 
Outfurnace treatment regimes are also introduced to minimize the quantity of non-metallic inclusions. The 
impurity content is also a key determinant of the quality of high-grade steel. Inclusions may also play an 
important role, subject to their type and shape. Yet as regards steel, non-metallic inclusions have mostly a 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

26 

negative effect which is dependent on their content, size, shape and distribution [3-5]. Currently exists many 
hypotheses of influence individual factors on fatigue strength. The hypotheses of accumulation of fatigue 
strength are worked out. There are put in of safety coefficients making up the unforesighting of events or 
hatches in knowledge [6]. 

The influence of impurities on fatigue strength has been researched extensively, but very few studies analyze 
the effect of impurities on the coefficient who is the quotient of fatigue strength zg divided by Vickers hardness 
HV, which is used to estimate fatigue strength based on hardness, i.e. in non-destructive tests. In this study, 
attempts were made to analyze the impact of impurities with various diameters and spacing between non-
metalic inclusion α on fatigue strength coefficient k determined under rotary bending fatigue strength zgo of 
high purity steels produced in an industrial plant. 

Such investigation may be interested for production of tools [7,8] and wires [9]. The gathered dataset appears 
to be also inspiring to data analyses i.e. a morphology testing [10,11], an image analysis of a surface layer 
[12-14], an analysis of experiments [15,16], a decision support [17] and uncertainty analysis [18]. 

2. MATERIALS AND METHODS 

Steel was melted in a 140-ton basic arc furnace. The study was performed on 7 heats produced in an industrial 
plant. The metal was tapped into a ladle, it was desulfurized and 7-ton ingots were uphill teemed. Steel was 
additionally refined with argon after tapping into a ladle. Steel was poured into moulds. Billets with a square 
section of 100x100 mm were rolled with the use of conventional methods. Billet samples were collected to 
determine: chemical composition - the content of alloy constituents was estimated with the use of LECO 
analyzers an AFL FICA 31000 quantometer and conventional analytical methods. Relative volume of non-
metallic inclusions were determine by inspecting metallographic specimens with the use of a Quantimet video 
inspection microscope under 400x magnification. It was determined for a larger boundary value of 2 µm. The 
percentage of sulfur-based inclusions was below the value of error in determinations of the percentage of 
oxygen-based inclusions, therefore, sulfur-based inclusions were excluded from further analyses. The main 
focus of the analysis was on oxygen-based inclusions.  

The analyzed sections had a cylindrical shape and a diameter of 10 mm. Their main axes were oriented in the 
direction of processing. The sections were thermally processed to determine differences in their structural 
characteristics. They were hardened for 30 minutes from the austenitizing temperature of 880 °C and 
quenched in water. The analyzed samples were tempered for 120 minutes at a temperature of 200, 300, 400, 
500 or 600 °C and cooled in air. 

Fatigue strength was determined for all heats. Heat treatment was applied to evaluate the effect of hardening 
on the fatigue properties of the analyzed material, subject to the volume of fine non-metallic inclusions. Heat 
treatments were selected to produce heats with different microstructure of steel, from hard microstructure of 
tempered martensite, through sorbitol to the ductile microstructure obtained by spheroidization. The application 
of various heat treatment parameters led to the formation of different microstructures responsible for steel 
hardness values in the following range from 249 to 438 HV [19,20]. 

The test was performed on a rotary bending fatigue testing machine at 6,000 rpm. The endurance (fatigue) 
limit was set at 107 cycles. The level of fatigue-inducing load was adapted to the strength properties of steel. 
Maximum load was set for steel tempered at a temperature of 200 °C - 650 MPa, from 300 °C to 500 °C - 
600 MPa and for 600 °C - 540 MPa. 

The arithmetic average size proportions and distances between the impurities of structural steel α were 
calculated with the use of the below formula (1): 

� � ��  (1) 
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where:  

d  - average diameter of impurity (µm) 

λ  - arithmetic average distance between impurities (µm) 

The arithmetic average distances between impurities for each of the heats λ were calculated with the use of 
the below formula (2): 

� � �� � 	
� � 1�  (2) 

where:  

d - average diameter of impurity (µm) 

V - relative volume of submicroscopic impurities (%) 

Coefficient k is the quotient of fatigue strength zg divided by Vickers hardness HV (3). 

� � ����  (3) 

where:  

zg - fatigue strength (MPa) 

HV - Vickers hardness (HV) 

The presence of statistically significant correlations was verified by Student's t-test on α = 0.05. 

3. RESULTS AND DISCUSSION 

The average real chemical composition of the tested steel is presented in Table 1. 

Table 1 Real average chemical composition of the tested steel [wt. %] 

C Mn Si P S Cr Ni Mo Cu B 

0.23 1.21 0.28 0.02 0.01 0.47 0.46 0.23 0.15 0.003 

Fatigue strength coefficient k of hardened steel tempered at 200, 300, 400, 500 and 600 °C subject the quotient 
of the diameter of impurities and the spacing between impurities α are presented respectively in Figures 1 - 5. 
The regression equation and the value of the correlation coefficient r are shown respectively in (4)-(8). 

 

Figure 1 Fatigue strength coefficient k of hardened steel tempered at 200 °C subject the quotient of the 
diameter of impurities and the spacing between impurities α 

k(200) = 1.68·α + 0.7684 and r = 0.6465  (4) 
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Figure 2 Fatigue strength coefficient k of hardened steel tempered at 300 °C subject the quotient of the 
diameter of impurities and the spacing between impurities α 

k(300) = 0.741·α + 0.8495 and r = 0.6073  (5) 

 

Figure 3 Fatigue strength coefficient k of hardened steel tempered at 400 °C subject the quotient of the 
diameter of impurities and the spacing between impurities α 

k(400) = 1.6326·α + 0.7293 and r = 0.7183 (6) 

 

Figure 4 Fatigue strength coefficient k of hardened steel tempered at 500 °C subject the quotient of the 
diameter of impurities and the spacing between impurities α 

k(500) = 1.4085·α + 0.6927 and r = 0.8187  (7) 
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Figure 5 Fatigue strength coefficient k of hardened steel tempered at 600 °C subject the quotient of the 
diameter of impurities and the spacing between impurities α 

k(600) = 1.0473·α + 0.8187 and r = 0.6294 (8) 

Diameter of impurities divided by spacing between impurities (α) of structural steel for all tempering 

temperatures, takes values from 0.1 to 0.2, except for one point for α=0.27. This point significantly reduces the 

coefficient of determination of equations (3) - (7). The presence of α coefficient in such a narrow range can 

confirm the balanced distribution and size of non-metallic inclusions. This observation is confirmed by the 

results presented in [21,22]. 

Fatigue strength coefficient k of hardened medium carbon structural steel tempered at different temperatures 

is in the range of 0.8 to 1.2. Its values above unity were recorded for α> 0.15. Its largest spread was noted for 

the tempering temperature of 400oC (Figure 3), and not the lowest for 500 °C (Figure 4). 

As the diameter of impurities divided by spacing between impurities (α) increased, k increased for all tempering 

temperatures (Figures 1-5). This may confirm that large inclusions and short distances between them reduce 

the fatigue strength of steel. The largest reduction in fatigue strength of steel was recorded for the tempering 

temperature of 500 °C (Figure 4), for which the coefficient k takes values from 0.8 to 1.04. 

4. CONCLUSION 

This study demonstrated correlations between the diameter of non-metallic inclusions divided by spacing 

between impurities and the bending fatigue coefficient for different range of tempering temperature.  

The results of the study indicate that fatigue strength, represented by fatigue strength during rotary bending, 

is correlated with the size proportions and distances between the impurities measuring higher up 2 µm. 

The coefficient k allows for estimating fatigue strength in relation to diameter of impurities and the spacing 

between impurities. 

The use of the α parameter allows the combination of two important parameters characterizing the impurities 

in steel, namely the diameter of impurities and the spacing between impurities. 

Along with the increase in α parameter, an increase in coefficient k was noted for all tempering temperatures. 

This confirms that for small inclusions and large distances between them, the fatigue strength of steel is not 

reduced. 
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Abstract 

In the production of hot briquetted iron some fine by-product is generated. This material consists mainly of 
metallic iron and iron oxides. Before utilization of these fines in the steel mill and/or direct reduction plant, 
agglomeration is required. To get briquettes with sufficient strength a binder has to be added to the fines. In 
this study, the various binders, ranging from bentonite, molasses plus hydrated lime and starch were used in 
the preparation of the briquetting feed. For evaluation of the different binders, the compressive strength of the 
briquettes was measured. Before testing, the briquettes were stored under different ambient conditions 
(temperature, humidity). The results showed large differences in briquette strength depending on the used 
binder. Additionally, the performance of the binders was strongly dependent on the storage conditions. Thus, 
before the selection of an optimal binder, the relevant ambient conditions for the briquettes have to be defined. 

Keywords: Iron fines, briquetting, binder, compressive strength 

1. INTRODUCTION 

In the iron and steel industry, recycling of fine material like fines from the production of hot briquetted iron (HBI) 
or residues from off-gas cleaning is a common method to reduce loss of material especially the loss of Fe  
[1-3] and minimize landfill. In integratred steel mills, fine granular material can be recycled via the sinter plant 
[3,4]. However, the recycling of zinc contating fines like blast furnace (BF) and basic oxygen furnace (BOF) 
dust is very limited because of the zinc limit for the BF charge of 100-150 g/t hot metal [5]. In direct reduction 
plants or in mini mills, no sinter plant is available for the agglomeration of the fine materials for recycling. In 
such applications, briquetting is a feasible alternative for the agglomeration of fines [6-9]. However, in order to 
get briquettes with sufficient strength, a binder has to be added to the fines before briquetting. In contrast, 
agglomerates produced by pelletizing are usually not strong enough [10].  

Various binders, ranging from bentonite, molasses in combination with hydrated lime, lignosulfonate or starch 
can be used in the preparation of the briquetting feed [11]. The stability of briquettes produced for the recycling 
fines under the reducing conditions in a furnace has been investigated frequently [12-14]. In contrast, little 
information is available about the influence of different storage environments on the stability of the briquettes. 

Before the utilization of fines generated as by-product in the production of hot briquetted iron (HBI), also an 
agglomeration step is required. The aim of this study was the evaluation of the influence of different ambient 
conditions on the compressive strength of briquettes made of HBI fines using various binders. 

2. MATERIALS AND METHODS 

The briquettes were produced from HBI fines with a moisture content of 6.9 %. The total iron content of the 
HBI fines was 88 % and the metallic iron content was 73 %. Minor components were SiO2 (3.8 %), CaO 
(1.0 %), Al2O3 (0.7 %) and MgO (0.3 %). The mass median diameter of the fines was 1.7 mm.  
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In the briquetting process different types of binders were used: two different types of bentonite (B), molasses 
and hydrated lime with a mixing ratio of 2:1 (ML), lignosulfonate (LS), three different types of starch (S) as well 
as an organic polymer (P). 

The fines were mixed with the binder in an intensive mixer under the addition of some water. Subsequently, 
the material was briquetted in a roller press. The produced briquettes had a nominal volume of 10 cm³ and a 
nominal size of L x B x H = 30 mm x 24 mm x 17 mm. However, the real thickness of the briquettes was 
influenced by material properties and machine settings as well. Therefore, the thickness varied somewhat 
around the nominal value. The compressive strength of the different briquettes was tested one hour and 
twenty-four hours after production. The results are shown in Table 1.  

Table 1 Binders used and average compressive strength of the briquettes in N 

Briquette Binder Addition in % After 1 hour After 24 hours 

B1 Bentonite 1 6 350 840 

B2 Bentonite 2 6 390 1250 

ML Molasses + lime 6 220 570 

LS LIgnosulfonate 4 1530 2080 

P Polymer 5.4 350 940 

S1 Starch 1 2 270 470 

S2 Starch 2 2 520 1510 

S3 Starch 3 2 900 2630 

Subsequently, 10 to 15 briquettes were exposed to each of the following environmental conditions for a defined 
storage time before testing their compressive strength: 

 Climate chamber: 30 °C and 85 % air humidity for 24 hours (C 24) 

 Climate chamber: 30 °C and 85 % air humidity for 48 hours (C 48) 

 Freezer: -20 °C for 24 hours (F 24) 

 Freezer: -20 °C for 48 hours (F 48) 

 Water bath: room temperature for 24 hours (W 24). 

The briquettes were tested for compressive strength immediately after they were taken from the storage. Since 
the measured strength of briquettes can vary substantially, the cumulative distribution of compressive strength 
of the tested briquettes is shown in the following diagrams. 

3. RESULTS AND DISCUSSION 

Generally, there is a significant influence of the binder on the compressive strength of the briquettes produced. 
The values measured 24 hours after production varied from 470 N to 2630 N (Table 1). The most severe 
storage condition for the briquettes tested was submersion in water. Storage in moist air at 30 °C and freezing 
of the briquettes showed no strong negative effect on the strength of the briquettes.  

Figure 1 shows the results for the briquettes made with bentonite as binder. For both bentonites B1 and B2, 
similar minimum compressive strength was achieved while the values for the maximum compressive strength 
were higher for the briquettes produced with bentonite B2. This is because the spread of the distribution of the 
strength was considerably larger for the B2 briquettes. The average compressive strength after storage in 
moist air was nearly unchanged in comparison to the average strength after 24 h, while freezing increased 
somewhat the average compressive strength. The influence of the storage time was relatively small. In 
contrast, submersion of the briquettes in water had a very negative effect on the compressive strength. 
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Figure 1 Compressive strength of briquettes made with two different types of bentonite as binder 

For the briquettes with molasses and lime as binder, the effects of the storage conditions were similar as found 
for the briquettes with bentonite (Figure 2). The influence of moist air on the average compressive strength 
was small, while freezing increased the strength and immersion in water reduced the strength. However, the 
reduction was not as strong as found for the briquettes with bentonite.  

The average 24 h compressive strength of the briquettes made with lignosulfonate was very high and the 
compressive strength after the various storage conditions showed the largest spread (Figure 2). The average 
strength was more than halved by the storage under humid air and it was reduced to one quarter after storage 
submersed in water. However, the average compressive strength of the lignosulfonate briquettes stored under 
water was still higher than the strength of the briquettes made with bentonite or molasses and lime. Freezing 
did not alter the strength of the briquettes made with lignosulfonate. 

   

Figure 2 Compressive strength of briquettes with molasses and lime and with lignosulfonates as binder 

The results obtained for briquettes produced with starch varied much depending on the type of starch used 
(Figure 3). The 24 h compressive strength was low for briquettes with starch S1, in a medium range for starch 
S2 and very high for starch S3. After storage in humid air the average strength of the briquettes with S1 was 
significantly higher, for S2 it was also a little higher while for S3 it was somewhat lower. Freezing resulted in 
an average compressive strength of approximately 2000 N for all three types of briquettes. Storage under 
water had a very negative influence on the strength of the briquettes with S3, while the influence was much 
less negative for S2 and S1. 
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Figure 3 Compressive strength of briquettes with different types of starch as binder 

  

Figure 4 Compressive strength of briquettes with a polymer as binder 

Figure 4 shows the results for the briquettes with the organic polymer binder. Since the average compressive 
strength of the briquettes was higher than after 24 h regardless of the storage conditions it has to be assumed 
that the hardening of briquettes with this binder takes comparatively more time than for briquettes with the 
other binders. The average compressive strength was similar for storage in humid air and for freezing. 
However, the spread of the strength distribution was wider for the briquettes stored in humid air. The strength 
of the briquettes submerged in water was lower than the strength after the other conditions tested but the 
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average strength was still higher than the average strength after 24 h though these result is less solid because 
only three briquettes were available for this test. 

In the selection of the most appropriate binder with respect to the compressive strength of the briquettes the 
prevailing storage conditions of the briquettes have to be considered. Thereby, the most important question is 
if submersion of the briquettes in water can occur. If this can happen, the highest values of the compressive 
strength can be achieved with the polymer binder and with starch S2. If such conditions are unlikely also starch 
S3 would be a good choice. The values of the compressive strength achieved in the tests with the other binders 
were generally lower. 

4. CONCLUSION 

The selection of the binder is an important topic in the production of briquettes for recycling. One target among 
others is to get briquette with a high compressive strength under the prevailing ambient conditions. The tests 
performed showed that there is a strong influence of both the type of binder and the ambient conditions on the 
compressive strength. Even for one type of binder, especially for starch, the results achieved with different 
binder qualities can vary in a wide range. Therefore, the selection of the right quality can be even more 
important than the selection of the binder type. 

Freezing and moist air had limited influence on the compressive strength of the briquettes for most binders. In 
contrast, storage submersed in water reduced the compressive strength substantially, especially for briquettes 
made with bentonite, with molasses and lime or with some types of starch. 

The highest values of the compressive strength under the investigated ambient conditions were measured for 
briquettes made with starch S2 and with an organic polymer. 
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Abstract 

Using oxyfuel combustion in steel reheating provides higher throughput and substantial fuel savings. 

Accordingly, oxyfuel has many benefits, but also some drawbacks like hot spots in furnaces and thermal NOx 

generation. However, by making the combustion “Flameless” by creating a ‘volume combustion’, these issues 

can be overcome, and additional advantages can be achieved. This paper describes different solutions, both 

fully flameless and semi flameless, which have been developed and implemented in steel reheating and 

annealing furnaces. 

Over the past three decades, Linde has made more than 160 oxyfuel installations in all types of reheating 

furnaces, both batch and continuous, and for production of all different steel grades. Since 2003, focus has 

been on using Flameless Oxyfuel, hitherto resulting in 112 successful installations, 90 of these operating fully 

with 100 % Flameless Oxyfuel. This paper describes results from these installations, which include fuel savings 

of up to 60 %, increased throughput by up to 50 %, substantial reductions of CO2 and NOx emissions, much 

improved temperature uniformity of the heated steel, reduction of scale losses by up to 50 %.  

Cases with conversion from air-fuel to Flameless Oxyfuel will are described. These examples comprise 

installations in soaking pit furnaces, rotary hearth furnaces, roller hearth furnaces, and walking beam furnaces 

with up to 300 t/h nominal capacity, and for production of carbon steel, engineering steel, and stainless steel 

grades at companies in USA, Europe, and Asia. 

Keywords: Steel, reheating, oxyfuel, energy, emission 

1. INTRODUCTION 

As the challenges of massive and increasing use of energy and industrial pollution grow into one of the biggest 

issues of our time, the modernization of industrial heating systems becomes increasingly important and the 

centre of attention. One of the known methods to meet this problem is to modify the combustion system by 

using oxygen instead of air as the primary oxidizer. This technology, called oxyfuel combustion, has been 

extensively investigated and occasionally employed in industry. In general, it has the potential to substantially 

decrease both energy use and emissions. If we would fully implement already existing oxyfuel technologies in 

the steel industry, this industry sector’s total CO2 emissions use would be decreased by more than 100 million 

tonnes annually.  

Linde’s experience from converting reheating furnaces into all oxyfuel operation shows energy savings ranging 

from 20 % to 60 %. It should be noted that the total energy saving is greater than what could be read on the 

meter at the furnace, the energy needed to bring the natural gas, for example, to its use in the furnace is of 

course also saved. In the mid-1980s Linde began to equip the first furnaces with oxygen-enrichment systems. 
These systems increased the oxygen content of the combustion air to 23-24 %. The results were encouraging, 
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fuel consumption was reduced and the output, in terms of tonnes per hour, increased. In 1990 Linde converted 

the first furnace to operation with 100 % oxygen, that is, full oxyfuel combustion, at Timken in USA.  

In an air-fuel burner the burner flame contains nitrogen from the combustion air. A significant amount of the 

fuel energy is used to heat up this nitrogen. The hot nitrogen leaves with the flue-gases and subsequently 

through the stack, creating energy losses. When avoiding the nitrogen ballast, using industrial grade oxygen, 

then not only is the combustion itself is more efficient but also the heat transfer; the radiative heat transfer 

increases massively. 

Accordingly, oxyfuel combustion influences the combustion process in several ways. The first obvious result 

is the increase in thermal efficiency due to the reduced exhaust gas volume, a result that is fundamental and 

valid for all types of oxyfuel burners. Additionally, the concentration of the highly radiating products of 

combustion, CO2 and H2O, is increased in the furnace atmosphere. For melting and heating furnace operations 

these two factors lead to a higher melt or heating rate, fuel savings, lower CO2 emissions and - if the fuel 

contains sulphur - lower SO2 emissions, Today’s best air-fuel solutions need at least 1.3 GJ for heating a tonne 

of steel to the right temperature for rolling or forging. With oxyfuel the comparable figure is below 1 GJ, a 

saving of 25 %. For continuous heating operations it is also possible to economically operate the furnace at a 

higher temperature at the entry (loading) side of the furnace. This will even further increase the possible 

throughput in any furnace unit. Oxyfuel combustion allows all installation pipes and flow trains to be compact 

without any need for recuperative or regenerative heat recovery solutions. Combustion air-blowers, requiring 

electricity, and related low frequency noise problems are avoided. 

Use of oxyfuel combustion instead of air-fuel does not only lead reduced CO2 emissions, but also to 

substantially lower off-gas volumes to handle. Additionally, the CO2 concentration in the off-gas is high, which 

makes it suitable for further processing if wanted.  

For steel reheating, two features of the oxyfuel combustion process need to be addressed: the increase in 

flame temperature and the subsequent potential of thermal NOx forming. The answer to this was Flameless 

Oxyfuel. Since 2003, therefore, focus has been on using Flameless Oxyfuel, hitherto resulting in 112 

successful installations, 90 of these operating fully with 100 % Flameless Oxyfuel. This paper describes results 

from these installations, which include fuel savings of up to 60 %, increased throughput by up to 50 %, 

substantial reductions of CO2 and NOx emissions, much improved temperature uniformity of the heated steel, 

reduction of scale losses by up to 50 %. The purpose here is to more in detail describe these results. 

Table 1 Comparison of energy required to reheat a tonne of carbon steel using different combustion  
     technologies. REBOX® is Linde´s trademark for oxyfuel solutions in reheating and annealing. 

  
Air-fuel 

 
Air-fuel with 
recuperator 

REBOX® oxyfuel 

Enthalpy in steel kWh/t 200 200 200 

Transmission losses kWh/t 10 10 10 

Flue-gas enthalpy kWh/t 299 155* 50 

Flue-gas 
temperature 

ºC 1,200 850 1,200 

Air preheating ºC 20 450 20 

Thermal efficiency % 42 60 80 

Energy need kWh/t 500 365 260 

Energy need GJ/t 1.8 1.3 0.94 

Oxygen production kW/t   25 

*after recuperation  
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2. FLAMELESS OXYFUEL TECHNOLOGY 

Increasingly stricter legislation on emissions led to the development of Flameless Oxyfuel. It was for the first 
time introduced in 2003 by Linde’s installations at Outokumpu in continuous furnaces for strip annealing and 
slabs reheating, respectively. The expression ‘flameless combustion’ communicates the visual aspect of the 
combustion type, that is, the flame is no longer seen or easily detectable by the human eye. Another description 
might be that the combustion is extended in time and space - it is spread out in large volumes; therefore, it is 
sometimes referred to as “volume combustion”. Such a flame has a uniform and lower temperature, practically 
same temperature as air-fuel combustion, yet containing the same amount of energy [1].  

In Flameless Oxyfuel the mixture of fuel and oxidant reacts uniformly through the flame volume, with the rate 
controlled by partial pressures of reactants and their temperature. Fundamentally here, using burners or lances 
or a combination of the two, is the matter of utilising velocity in a beneficial way when at same time separating 
the injection points of the fuel and the oxidant, leaving the traditional design of a burner. In Flameless Oxyfuel, 
the combustion gases are effectively dispersed throughout the furnace, ensuring more effective and uniform 
heating of materials even with a limited number of burners installed. Although the first installations took place 
in reheating and annealing, flameless oxyfuel was quickly adopted for preheating of ladles and converters 
where it has demonstrated great results as well. The next area being exploited, with substantial positive impact, 
could be the blast furnace hot stoves. Also, the use of low calorific fuels has been emphasized lately, for 
example, using blast furnace top gas; use of oxyfuel strongly supports a successful use of low calorific gases. 

         

Figure 1 Flameless Oxyfuel combustion - the flame is diluted by hot furnace gases and not detectable by the 
human eye 

 

Figure 2 Results from tests with impact on NOx by in-leakage of air into a combustion chamber using 
different burner technologies [1] 
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The lower flame temperature substantially reduces the NOx formation. Low NOx emissions are also important 
from a global warming perspective; NO2 has a so-called global warming potential 300 times that of CO2. 
Flameless Oxyfuel has also demonstrated a low sensitivity to air ingress creating NOx formation, which is very 
important in practical operation. [1]  

3. INSTALLATIONS OF FULL FLAMELESS OXYFUEL IN REHEATING AND ANNEALING 

Converting a steel reheating furnace completely into full Flameless Oxyfuel combustion is a rather big task, 
particularly if it is a large continuous furnace. Therefore, most of such conversions has taken place in batch 
furnaces, e.g., soaking pit and chamber furnaces. Among prominent users could be mentioned several 
producers of engineering steel grades, like bearing steel, including Ascometal (France), Mahindra Sanyo 
(Indian subsidiary of the Japanese company Sanyo) and Ovako (Sweden). But there are also many successful 
examples of installations in continuous furnaces like Rotary Hearths and Walking Hearths at, e.g., ArcelorMittal 
(USA) and Sandvik (Sweden). Those include final products like seamless pipes and rock drills. Other examples 
are found in continuous annealing of stainless steel, e.g., for production of wire rods at Yongxing and Dongbei 
Steel in China and strips at Outokumpu in Sweden. 

At Ascometal and Ovako the installations in soaking pit furnaces have led to huge fuel savings and productivity 
increases with over 50 % reduction of the fuel consumption and a 50 % reduction of the total heating and 
soaking time. Additionally, a more uniform heating has been achieved and also substantial reductions in scale 
losses. Ascometal has utilised the shorter time to reduce the number of furnaces required to achieve an 
unchanged output. Ovako was an early adopter of oxyfuel, and today all their furnaces have been converted 
a second time to now use Flameless Oxyfuel. This has made it possible to compare the differences between 
these two technologies; Figure 3 shows such a comparison. 

 

Figure 3 Impact on heating time for use of different combustion technologies at Ovako, Sweden, in same 
furnaces and for same steel grades. The installed power is smallest in the Flameless Oxyfuel case and 

highest in the air-fuel case  

Extremely good results have been achieved in Rotary Hearth Furnaces, e.g., at Arcelor Mittal and MST in the 
USA with fuel savings above 60 %. At the seamless tube producer ArcelorMittal Shelby in Ohio, a 15-metre 
diameter rotary hearth furnace was fully converted into Flameless Oxyfuel. The former air-fuel fired furnace 
was converted in two steps, first using oxygen-enrichment for a period of time and then implementation of the 
full Flameless Oxyfuel operation. Excellent results were achieved, including 25 % more throughput, 60 % fuel 
savings, CO2 emissions that dropped accordingly, NOX emission <70 mg/MJ corresponding to 92 % less on 
an annual basis, and 50 % reduced scale losses. ArcelorMittal has received the Association for Iron & Steel 
Technology’s Energy Achievement Award for this installation. 
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Figure 4 A look through the furnace door and outside views of the Full Flameless Oxyfuel installation in a 
Rotary Hearth Furnace at ArcelorMittal Shelby, USA. Please note that the burner is firing straight towards the 

viewer, however, with a flame that is not visible. The photograph to the right shows the backside of the 
mounted Full Flameless Oxyfuel burner, with a start-burner in the middle for heating up a cold furnace and 

inlets to the lances for injection of fuel and oxygen for the Flameless operation. 

Dongbei Special Steel Group at Dalian, China, uses Full Flameless Oxyfuel for a 70 t/h continuous annealing 
of stainless steel wire rod, so-called Direct Solution Treatment (DST). The fuel used is gasified coal with a 
calorific value at 2 kWh/m3. Another such DST installation is found at the company Yongxing, also in China. 
Here the fuel is natural gas. This 60 t/h production, is the most energy efficient stainless wire rod annealing 
line in the world, with a total fuel consumption including idling time, etc., at <70 kWh/t. 

Sandvik is another company using fully converted continuous reheating for its production in Sweden, and as 
well with excellent results. It is highly interesting to note, that Sandvik’s operations include production of very 
high alloyed materials, e.g., for rock drills. This clearly demonstrates that Flameless Oxyfuel has no negative 
impact when heating even very high alloyed steel grades. Additionally, Sandvik uses Full Flameless Oxyfuel 
also in batch furnaces. 

  

Figure 5 100 % Full Flameless Oxyfuel fired Roller Hearth Furnace for annealing of stainless steel wire rod 
at Yongxing, China, the world’s most energy efficiency such annealing. Natural gas fired Full Flameless 

Oxyfuel burners are mounted and operated both above and beneath the pass-line in all zones of the furnace. 

4. USE OF SEMI FLAMELESS OXYFUEL IN REHEATING 

As discussed, converting large continuous steel reheating furnaces into Full Flameless Oxyfuel is a big 
undertaking. Moreover, at many plants there is not several furnaces operating in parallel, so such a retrofit 
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might require a stoppage of the whole production for a month or so. Also, when converting a, say, 300 t/h 
Walking Beam Furnace into Full Flameless Oxyfuel, the oxygen requirement could be 500 t/d, which normally 
is not available without investments. Additionally, the “efficiency” of the percentage of the oxygen use when 
going from 21 % (air) to 100 % (full oxyfuel), show diminishing returns; we can find a “sweet spot” somewhere 
at 40-60 %. If we reduce the amount of air in an air-fuel system and instead inject oxygen with high velocity, 
we can then also achieve a semi flameless combustion. It has been found, that reducing the air-flow and 
compensate for it with high velocity oxygen injection so the resulting combustion takes place with around 50 % 
oxygen, is a very good operating point.  

This will create a Semi Flameless Oxyfuel, which, accordingly, can be established without replacing the 
existing air-fuel burners. By reducing the air flow and substituting high velocity oxygen injection into the 
combustion space, great benefits can be achieved. About 75 % of the oxygen needed for the combustion is 
then supplied with this technique. The flue-gas volume is less than 45 % that of air-fuel.  

The installation is comparatively uncomplicated as it does not include any replacement of burners or installation 
of additional burners, which minimises the installation downtime; practically the installation work is usually 
done without requiring any additional furnace stoppages. Moreover, the system start-up normally would take 
about only one day. 

The air-fuel system can at any time be brought back into operation as it was before; the oxygen system is an 
add-on that can be turned on and off. This eliminates any potential risk relating to the implementation, and it 
enables operation to be flexible and optimised in response to fluctuating fuel cost and production requirements. 
Some important general results include: 

 No negative impact on the surface quality; 

 A positive impact on the temperature uniformity of the steel; 

 The ideal heating curve suggested by the control system can be achieved more easily; 

 Less smoke emanating from the furnace, greatly improving the plant environment; 

 A reduction of NOX emission by 45 % can be achieved; 

 Fuel consumption can be decreased by 25 %, leading to the same reductions in SO2 and CO2 emissions; 

 Production throughput can be increased by up to 30 %. 

When retrofitting a furnace, the existing air-fuel system is kept. The oxygen system would be an add-on, which 
can be switched on and off as per demands and with a response time of about one minute. Naturally, the full 
advantages of Flameless Oxyfuel cannot be captured, however, yet excellent results have been achieved in 
more than a dozen of furnaces in Europe and Asia. The first installations took place at SSAB and Outokumpu 
in Sweden and Finland, respectively, but lately most installations have been in Asia. Outokumpu Tornio Works 
is one of the leading stainless steel plants in the world, using a fuel that is a mixture of liquefied propane gas 
and CO gas from the ferrochrome production furnaces on site. With Semi Flameless Oxyfuel in the reheating, 
the heating capacity of each furnace was increased from 250 to >300 t/h and at the same time specific fuel 
consumption was reduced by 30 kWh/ton.  

Very interesting results have been achieved at Masteel in China, where this type of Semi Flameless Oxyfuel 
has been installed in a 300 t/h Walking Beam Furnace at a hot strip mill. As this is one out of three identical 
furnaces there, comparisons can be made. Despite only being applied in one heating zone, the following 
results have been reported:  

 throughput capacity +20 %, 

 fuel consumption -20 %, 

 NOx emissions -20 %, 

 scale losses -20 %.  
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Figure 6 A proud moment at Masteel when the first slab is discharged from the 300 t/h Walking Beam 
Furnace retrofitted with Semi Flameless Oxyfuel 

Results of practical measurements of the scale losses are shown in Figure 6. Additionally, Masteel has 
evaluated the forces required to be applied in the downstream rolling mill. It was found, that about 5 % less 
rolling force was required for steel that had been heated with Semi Flameless Oxyfuel - this has been 
investigated and confirmed for various steel grades - and it also led to much less fluctuation of forces applied 
across the slab during rolling. Accordingly, a clearly more uniform heating had been achieved. This is further 
illustrated in Figure 7.  

 

Figure 7 Measurements comparing scale losses generated in two identical Walking Beam Furnaces at 
Masteel, one operating fully with regenerative air-fuel and the other using Semi Flameless Oxyfuel in the 

heating zone  

Siam Yamato Steel (SYS) in Thailand is operating with Semi Flameless Oxyfuel in a 100 t/h Walking Beam 
Furnace. Here it has been possible to reduce the fuel consumption by up to 30 %, the highest reported figure 
for use of this technology in steel reheating. 

5. OUTLOOK 

It is interesting to note the flexibility that can be achieved when using Flameless Oxyfuel. One aspect of the 
potential to increase throughput is, when having multiple furnaces in parallel, to operate with less number of 
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furnaces for unchanged total production. At one of the plants of Ascometal, for example, after the conversion 
nine soaking pit furnaces are producing same output as was earlier done in 13 furnaces.  

Another possibility could be to combine air-fuel, Semi Flameless Oxyfuel and Full Flameless Oxyfuel and use 
it dependent on needs. At Kalyani Carpenter in India, we find a good example of this, where they have a 30 
t/h rated Walking Beam Furnace. Dependent on the cross-section sizes of the blooms to be heated, they have 
different demands in terms of tonnes per hour to keep the same pace in the downstream rolling mill. Based on 
that Kalyani Carpenter went for the following solution, where they can run in three modes: 

 30-32 t/h: air-fuel 

 34-37 t/h: Semi Flameless Oxyfuel 

 38-42 t/h: Semi Flameless Oxyfuel + Full Flameless Oxyfuel in the Preheating Zone  

There are several developments and trends in the field of use of Flameless Oxyfuel. For example, separating 
the fuel and the oxygen further is one of them, with on and off injection of fuel from one side of a furnace and 
oxygen from the opposite side. This has already been applied in the glass industry. Another way could be to 
run roof burners substantially sub-stoichiometric and inject oxygen through high velocity lances placed 
laterally.  

In general, there is the possibility to view the whole furnace as a flameless “flame chamber” where a large part 
of the energy for material heated provided from wall radiation. This can be maintained by multiple injection 
points, some injecting fuel and some injection oxygen. High velocity injection is of course a key then to achieve 
a flameless regime and a good mixing. 

A very interesting opportunity when using Flameless Oxyfuel in continuous steel reheating is to run at different 
stoichiometry levels in different zones. For example, with sub-stoichiometric combustion in the soaking part 
and over-stoichiometric in the heating part. This could be a way both to reduce NOx emissions to even lower 
levels and to further reduce scale losses. We are likely to see the first such operation soon, driven by demands 
for additional reduction of scale losses. 

Using oxyfuel and particularly Flameless Oxyfuel strongly supports an increased use of low calorific fuels of 
different kinds; for example: a blast furnace top gas combusted with oxyfuel provides same heating conditions 
as natural gas combusted with air-fuel. At an integrated steel mill this could mean using a mix gas with a lower 
calorific value in the reheating furnaces and thereby freeing up for an increased generation of electricity. 

Flameless Oxyfuel using hydrogen as a fuel might soon be available. Linde has made tests with full hydrogen-
oxygen combustion heating of steel of different grades, and the results are encouraging. 

6. CONCLUSIONS 

Since 2003, Flameless Oxyfuel has proven great results in numerous installations in the steel and metals 
industries, both for melting and heating operations. That includes use of both fully flameless and semi 
flameless installations, and combinations of the two.  

Flameless Oxyfuel combustion has major advantages over conventional oxyfuel and, even more, over any 
kind of air-fuel combustion. Oxyfuel gives an overall thermal efficiency in the heating of 80 %, air-fuel reaches 
40-60 %. With Flameless Oxyfuel, compared air-fuel, the installations show energy savings in reheating 
furnaces of at least 25 %, but many times 50 % or even more.  

The results include not only fuel savings and, thereby, reduced CO2 emissions, but also considerable material 
yield increases, largely improved heating uniformity, and reduced NOx emissions. The improved heating 
uniformity also leads to time-savings in steel reheating. As NOx formation is depending on temperature, 
flameless combustion means ultra-low NOx emissions. This is important in all operations, but an important 
feature of Flameless Oxyfuel is its insensitivity to in-leakage of air, where it yet delivers extremely low NOx 
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emission levels. In continuous furnaces operations with Flameless Oxyfuel, NOx values below 80 mg/m3 (at 
8 % oxygen) have been achieved. It is important to note, that as this is measured as mg/m3 but with flue-gas 
volumes 70 % lower than for air-fuel combustion - the real emission is ultralow! 

If all reheating and annealing furnaces would employ oxyfuel combustion, the CO2 emissions from the world’s 
steel industry would be reduced by more than 100 million tonnes per annum. Additionally, a small off-gas 
volume and a high concentration of CO2 make it increasingly suitable for Carbon Capture and Sequestration. 

By retrofitting an existing reheat furnace into Flameless Oxyfuel, it has been shown the throughput can be 
increased by 20-60 %. This creates also production flexibility and could even lead to that two furnaces could 
produce same volume as was earlier done in three furnaces. 

Semi Flameless Oxyfuel can be installed in existing furnaces as an ‘add-on”, also including configurations 
using regenerative burners. The installations show increased throughput capacity by 20-30 % and reduce fuel 
consumption by 20-25 %. 

Today there are more than 110 furnaces in the steel industry across the world that use Full Flameless or Semi 
Flameless Oxyfuel combustion successfully. These are great examples showing how the steel industry can 
produce more in existing equipment and at same time reduce fuel consumption and emissions in a cost-
efficient way when fulfilling a stricter environmental legislation, contributing to making our world more 
productive. 
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Abstract 

One of the products of pig iron production is blast furnace gas. Its pressure energy can be used, among other 
things, by including an expansion turbine with subsequent production of electricity. The contribution discusses 
the possibilities of calculating the thermodynamic quantities of blast furnace gas as a mixture of gases. The 
state equation of an ideal gas does not apply accurately enough over a wide range of temperatures and 
pressures. The inaccuracy of the ideal gas state equation generally increases with decreasing temperature 
and increasing pressure. To verify the dependence of gas thermodynamic quantities on pressure and to 
calculate state quantities under normal conditions, I present the so-called Benedict-Webb-Rubin equation, 
which can be easily derivable, so that from the pressure formula it is possible very easily to obtain formulas for 
other thermodynamic variables, is sufficiently precise and the values of constants are set for a large number 
of gases. 

Keywords: Pig iron, blast furnace gas, state equation, thermodynamic quantities 

1. INTRODUCTION 

In the case of blast furnace gas as one of the products of pig iron production, it is necessary to know its 
composition, temperature and pressure in order to be able to objectively assess its other possible uses. It is 
known that thermodynamic quantities also depend on pressure. In this paper, this dependence is examined 
and the aim is to determine the conclusion whether it is necessary to seriously consider this dependence or 
not. 

2. COMPOSITION OF BLAST FURNACE GAS 

The concentrations of the blast furnace gas individual components take on the following values as standard, 
see Table 1. 

Table 1 Standard composition of blast furnace gas 

Component Volume part (1) Weight part (1) 

CO 0.225 0.209224807 

CO2 0.18 0.262985863 

H2 0.025 0.001673118 

N2 (N2+Ar) 0.56 0.520790282 

CH4 0.01 0.005325930 

From the above table it is clear that the largest part in the blast furnace gas is occupied by nitrogen. In fact, it 
is a mixture of nitrogen and argon from the supplied air. A small part of the CO2 in the air is already contained 
in the measured proportion of CO2 in the blast furnace gas. 
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The following dry air composition is considered for the calculation, see Table 2. 

Table 2 Standard composition of dry air 

Component Volume part (1) Weight part (1) 

O2 0.2095 0.231450008 

N2 0.7809 0.755267378 

Ar 0.0093 0.012826775 

CO2 0.0003 0.000455839 

The other components (H2, O3 and inert gases Ne, He, Kr, Xe) do not need to be taken into account at all, as 
there are only slight traces of these gases in the air. Atmospheric nitrogen N2atm, as a mixture of gases in air 
other than oxygen, is then assumed in the following standard composition, see Table 3. 

Table 3 Standard composition of atmospheric nitrogen 

Component Volume part (1) Weight part (1) 

N2 0.987855787 0.982717306 

Ar 0.011764706 0.016689578 

CO2 0.000379507 0.000593116 

As can be seen from Table 3, atmospheric nitrogen contains a certain amount of CO2. It is now clear that in 
the case of the calculation taking into account atmospheric nitrogen, it is necessary to recalculate the share of 
CO2 in the blast furnace gas to a new value, see Table 4. This will be smaller than the measured value of CO2 
by the part that is already part of atmospheric nitrogen. 

Table 4 Recalculated composition of blast furnace gas 

Component Volume part (1) Weight part (1) 

CO 0.225 0.208679889 

CO2 0.1797874 0.261991113 

H2 0.025 0.001668761 

N2atm 0.5602126 0.52234817 

CH4 0.01 0.005312058 

3. REAL BEHAVIOR OF GASES 

The state equation of an ideal gas does not apply accurately enough over a wide range of temperatures and 
pressures, large deviations are especially noticeable in the critical point area. The inaccuracy of the equation 
of state of an ideal gas generally increases with decreasing temperature and increasing pressure. 

There are a number of equations of state that describe with some degree of accuracy the real behavior of 
gases. In this paper, I used the so-called Benedict-Webb-Rubin equation (BWR equation) to verify the 
dependence of thermodynamic quantities of blast furnace gas on pressure and to calculate state quantities 
under normal conditions. 

The equations (1) to (7) can be written with a small modification according to [1,2], e.g. in the form: 

� � ���� � ��������������� �  ���!��" � #!��$ � %����" ∙ 	1 � '��� � ∙ ( )*+��           (1) 
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-. � -./ � ��0"������ � !���� � #!1��2 � �%����� ∙ 3
�4 )*+��' ∙ 5.� � 
� ∙ ( )*+�� 6         (2) 

7. � 7./ � ���������8������ � � ����!���� � 9#!1��2 � %����� ∙ :3 ∙ 
�4 )*+��' ∙ 5.� � 	 '��� � 
�� ∙ ( )*+�� <      (3) 

=. � =./ � > ln ���� � ���0����"�� � � ���� � �%�"��� ∙ 3
�4 )*+��' ∙ 5.� � 
� ∙ ( )*+�� 6         (4) 

A�. � A�./ � 9B��"�� � �%�"��� ∙ 32 ∙ 
�4 )*+��' ∙ 5.� � ( )*+�� 6           (5) 

AD. � A�. � > ∙ E1 � ��0���F�"�� �  ��� � �%��"��� ∙ 	1 � '��� � ∙ ( )*+�� G� ∙ H         (6) 

H � E1 � 2 ∙ ���I�F�� ��F�"�� � 3 ∙  � JF���� � 9#!����2 � %��"��� ∙ 	3 � �'��� � �'�
��8 � ∙ ( )*+�� G�


       (7) 

where: 

p - the pressure (MPa) 

um  - the molar internal energy of gas (kJ.kmol-1) 

im - the molar enthalpy of gas (kJ.kmol-1) 

sm - the molar entropy of gas (kJ.kmol-1.K-1) 

cvm - the molar specific heat capacity of a gas at a constant volume (kJ.kmol-1.K-1) 

cpm - the molar specific heat capacity of a gas at a constant pressure (kJ.kmol-1.K-1) 

Q - the coefficient of BWR equation (-) 

Table 5 Values of gases state quantities at their critical point [3,4] 

Gas 
Temperature 

(°C) 
Pressure 

(MPa) 
Density 
(kg.m-3) 

Specific volume 
(m3.kmol-1) 

CO -140.2 3.491167 301 0.093058306 

CO2 31 7.351065 463.9 0.094869476 

H2 -239.9 1.294478 31 0.065030323 

N2 -147.1 3.393101 311 0.090075241 

CH4 -82.5 4.628739 162 0.099031049 

Ar -122.4 4.864098 531 0.075231638 

Ao, Bo, Co, a, b, c, α, γ are the constants of the BWR equation characteristic for a given gas. The value of the 
constants together with the scope of validity are shown in Table 6. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

49 

The condition of temperature range and maximum pressure is met in the case of blast furnace gas expansion 
and for the condition of maximum reduced density, which is the ratio of density under the monitored conditions 
and density at the critical point, follows from Table 5 and Table 8, that it is also met. 

Table 6 BWR equation constants for individual blast furnace gas components [1,2] 

Constant CO CO2 H2 N2 CH4 Ar 

Ao 1.03115 2.7634 0.155164 1.1925 1.855 0.823417 

Bo 0.04 0.045628 2.08463E-05 0.0458 0.0426 0.02228259 

Co 11,240 113,330 395.164 5,889.07 22,570 13,141.25 

a 0.03665 0.051689 -0.0016321 0.0149 0.0494 0.0288358 

b 0.0026316 0.0030819 0.000338337 0.00198154 0.00338004 0.0215829 

c 1,040 7,067.2 7.26997 548.064 2,545 798.2437 

α 0.000135 0.00011271 -0.000121488 0.000291545 0.000124359 3.5589E-05 

γ 0.006 0.00494 0.0035073 0.0075 0.006 0.002338271 

Table 7 Area of constants validity (t - temperature, max. dr - maximum reduced density, max. p - maximum  
             pressure) [1,2] 

 CO CO2 H2 N2 CH4 Ar 

t (°C) -25 to 200 0 to 275 -150 to 50 -163 to 200 -140 to 200 -111 to 327 

max. dr (-) 0.2 2.1  1.25 1.8 2.25 

max. p (MPa) 10 70 14 85 40 80 

Using the BWR equation (area of constants validity is shown in Table 7), the values of state quantities of the 
blast furnace gas individual components under normal conditions were determined - see Table 8. These are 
needed to convert volume flow to mass flow. 

I verified the dependence of the thermodynamic quantities of the blast furnace gas on the pressure using the 
BWR equation for different temperatures in the monitored range. The following Table 9 can serve as an 
example. 

Table 8 Values of gases state quantities under normal conditions [5] 

Gas 
Temperature 

(°C) 
Pressure 

(Pa) 

Density 
(kg.m-3) 

Specific volume 
(m3.kmol-1) 

CO 

0 101,325 

1.250417971 22.40095 

CO2 1.976425283 22.267449 

H2 0.089971256 22.406489 

N2 1.250444471 22.402754 

CH4 0.717489672 22.359946 

Ar 1.784013627 22.392206 
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Table 9 Dependence of specific heat capacity cp on pressure 

Pressure 
(MPa) 

Cp for t=0°C 
(kJ.kg-1.K-1) 

Cp for t=50°C 
(kJ.kg-1.K-1) 

0.10 0.999494 1.009306 

0.12 0.999593 1.009367 

0.14 0.999692 1.009428 

0.16 0.999792 1.009490 

0.18 0.999891 1.009551 

0.20 0.999990 1.009612 

0.22 1.000089 1.009673 

0.24 1.000188 1.009734 

4. CONCLUSION 

Calculations and mathematical modeling have confirmed that the dependence of thermodynamic quantities on 
pressure is negligible and does not need to be considered for common practical calculations. 

Further calculations can be used to accurately determine the course of blast furnace gas expansion in the 
individual stages of the expansion turbine [6] and then the power of the electric generator. This is decisive for 
determining the return on investment for the possible use of an expansion turbine [7]. 
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Abstract 

Monitoring and evaluation of temperature distribution in continuous steel casting coupled with optimal 
temperature intervals providing no defects can be used for the prediction of crack formation in the cast strand. 
Crack locations can be further specified with the use of mechanical stress-strain distribution model. These 
crack locations are strongly dependent on the zero ductility temperature (ZDT) and the liquid impenetrable 
temperature (LIT). To avoid the excessive stress and strain distribution in the steel, parts of the strand where 
bending and unbending take place should not be in ZDT and LIT intervals. Thus, the casting speed and water 
flow rates through cooling nozzles have to be modified to avoid these crack sensitive temperature intervals 
where the stress exceeds its maximum allowable value determined from the crack criteria. In this paper, the 
thermal solidification and mechanical stress-strain distribution models of billets with sharp and rounded corners 
for structural steel grades S355 are presented and the results are compared. Further, the idea of coupling 
between thermal and mechanical models is presented, which serves as a base for a crack predictive model 
assessing the quality of cast semi-products. 

Keywords: Continuous casting, thermal model, mechanical model, crack formation, quality prediction 

1. INTRODUCTION 

The aim of scientists and researchers in the continuous casting (CC) field is to increase the quality of final 
products in order to fulfil challenging demands on surface quality as are in automotive, space, offshore 
industries. To prevent cracks to occur, developing of the temperature field in the strand through the whole 
casting process has to be known and the casting parameters for particular grades of steel must be set. This 
can be done by appropriate adjustments in primary (mould) cooling zone and in secondary cooling zone in 
terms of accurately calculated cooling intensities beneath nozzles, rollers and precise radiation to open space 
and into other parts of the continuous casting machine (CCM). It is known that the steel of a defined chemical 
composition is prone to cracking under certain circumstances. In order to determine crack sensible locations, 
models describing the temperature distribution of the strands have been of great importance and helped 
researchers to answer their questions about the temperature intervals, which guarantee the strand with 
minimum or even no defects for specified grade of steel, see [1]. The fully developed 3D Brno Dynamic 
Solidification Model® (BrDSM) [1] was created at Brno University of Technology a few years ago. Based on the 
calculated temperature fields and known crack sensible temperature intervals, it can be concluded if the 
casting parameters are set well or not. The BrDSM model was designed to not just monitor temperature fields 
but also to make some regulations in terms of adapting the casting speeds and water flow rates in cooling air-
mist nozzles to ensure predefined temperatures at specified locations. With great number of quality records 
from the castings the model can predict the quality based on the temperature distribution only. But this 
approach is not sufficient and mechanical properties, which affect the strand, have to be considered as well. 
Monitoring of the mechanical stress in the whole strand gives other information, which is crucial in investigating 
the quality of cast semi-products [2]. The locations where the stress and strain distribution exceeds the 
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maximum allowable values are especially in bending and unbending parts of the CCM in mushy zone near the 
solid state where the steel is most prone to cracking due to the zero ductility temperature and liquid 
impenetrable temperature [3]. In this article the primary effort is to develop thermal and mechanical models, 
which can be coupled together in terms that they will enable a real time accurate prediction of crack formation 
in the strand. Some assumptions and modifications are done in the thermal model and the 3D BrDSM is 

degraded to the so-called 2.5D slice model as depicted in Figure 1. This step is of great importance while heat 

transfer in the casting direction does not influence the overall temperature distribution in great measures. On 
the other hand, this approach enables the real time calculation even in the case when the mechanical model 
is influenced by the thermal model and evaluations of mechanical stress distributions have to be done 
repeatedly. The reliability of both models is verified on computation of the temperature and mechanical stress-
strain distribution of billets with sharp corners (SC) and rounded corners (RC). The corner cracks occur due to 
the excessive cooling in primary and secondary cooling zones resulting in large thermal gradients and evoke 
intense stress which yields for corner types of deformation [4]. The results are then compared and discussed. 

 

Figure 1 Construction idea of 2.5D - slice model [5] 

2. STEEL GRADE  

A structural steel grade S355 is used in this work for which thermal and mechanical properties are calculated. 
The steel grade S355 has 0.23 % wt. carbon content and other alloying elements such as manganese, 
phosphor, chromium, etc. To receive accurate varying properties of particular steel grade in a whole 
descending temperature range, the use of the solidification analysis package IDS [6] (interdendritic 
solidification software) is necessary. The IDS is more comfortable and practical to use than expensive and  

   

Figure 2 Thermophysical (left) and mechanical (right) properties of structural steel grade S355 
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time-consuming experimental investigations. From this package one can obtain varying thermophysical and 
mechanical properties such as the enthalpy, the density, the thermal conductivity, the contraction, the Young’s 
modulus, the Poisson’s ratio, the yield stress, the ultimate strength, etc. in the whole temperature range. The 
properties for steel grade S355 obtained from this package are depicted in Figure 2. 

3. 2.5D SLICE-THERMO-MECHANICAL MODEL 

The goal is to provide a coupled thermo-mechanical 2D analysis for a slice perpendicular to the strand axis, 
see Figure 1. The mathematical formulation of heat transfer and solidification to the temperature distribution 
and solid shell profile prediction in the BrDSM model is based on the governing equation of transient heat 
conduction. The 3D Fourier-Kirchhoff equation [7] was reformulated to the 2.5D-slice model to allows fast real 
time computation. This step neglects the heat transfer in the casting direction as well the convection term. The 
heat transfer equation is formulated based on the enthalpy approach, see [1] where the thermal solidification 
model with its boundary conditions is described in detail.  

The most important source of mechanical stress is the thermal loading of the solidified material, followed by 
phase changes and extreme thermal gradients near the surface, exposed to intensive spray cooling and 
thermal contact with cooled rollers. With the knowledge of temperature field evolution and mechanical 
properties as a function of temperature according to Figure 2, the stress and strain evolution are coupled to 
the temperature according to the constitutive equation [8] 

 KL � KL(M � KL5� � KLNℎ � 1�5P QL � 5P NRSQTL U �  32Q(V WQ(V�Q0YK(VZ [1\ = � �]L U         (1) 

The strain rate tensor KL is split into the elastic KL 4^, viscoplastic KL �D and thermal part KL _`. The elastic component 

is described by Hooke’s law in the equation (1) and is related to temperature-dependent material parameters: 
The Young’s modulus P and the Poisson coefficient 5. The equivalent stress in the viscoplastic part of 
equation (9) can be given by 

Q4a � Q/ � YK4ab KL4a.               (2) 

Q/ (Pa) denotes the static yield stress below which no viscoplastic deformation occurs, Y [Pa] is the so-called 

consistency of the material, n (-) is the strain hardening coefficient, and \ (-) is the strain rate sensitivity 

coefficient. All these parameters are temperature-dependent. For the liquid and mushy state, the yield stress 
drops to zero, for the solid material it grows up as indicated in Figure 2 and later dominates the stress evolution 
in the cooled solid material. The stress deviator = (Pa) can be defined as 

= � Q � �U ;     � �  � 
� NRQ            (3) 

where Q (Pa) is the Cauchy stress tensor and � (Pa) is the associated hydrostatic pressure. The Von Mises 

equivalent strain rate is defined as 

KL 4a �  d�� KLef�DKLef�D               (4) 

and the von Mises equivalent stress Q4a is defined as 

Q4a �  d�� =ef=ef .                (5) 

The other variables in the last term of equation (1) are the temperature-dependent thermal expansion 

coefficient �  (K-1) and the temperature rate  ]L  (K), U is the identity tensor. The solution of the above presented 
equations represents a complex problem, especially due to coupling of the thermo-mechanical phenomena.  
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4. COMPUTATION AND RESULTS 

The whole casting strand is divided into a number of pieces (slices) of a defined thickness. In this work we 
decided to set the slice thickness to 2.5 cm. The thickness is chosen wisely as the boundary conditions must 
describe heat withdrawal with a considerable precision (if the slice is thicker the precise boundary conditions 
will not be applied). The initial slice starts at the meniscus in the mould and moves downwards through the 
whole caster until it reaches the cutting part of the CCM. The explicit finite difference method in the thermal 
solidification model and the finite element method in mechanical stress-strain model are used. Thus, the 
numerical time step in thermal model is defined to avoid numerical oscillations in the explicit calculation. The 
temperature field in each slice is initially set to the temperature field of the previous slice and boundary 
conditions applied in this location are evaluated for the actual temperature field and last for a defined number 
of evaluations until the time required to move the slice to the following position is reached. Due to the y-z 
planar symmetry, only one half of the slice is solved in each solution step The computation of thermal stress 
follows the strategy of the analysis of the temperature, where each solution step corresponds to the movement 
at the distance of one thickness of the slice, reading the appropriate input temperature of that position. Due to 
the inherent nonlinearity of the problem, a number of iterations must be performed within each step. The 
evolution of all necessary state parameters is recorded during the whole process.  

Two models of temperature and mechanical stress-strain distributions were developed and adopted to a radial 
CCM of 27.32 m length, with the mould length of 1000 mm and the radius of caster 8.9 m. The calculations 
were set for a billet 150x150 mm with SC and RC of radius R25 mm. Due to the mentioned symmetry and for 
better visibility of the results only corners at the large radius (LR) side further from the center of the caster 
radius and the points at the middle of LR side surface are depicted in Figure 3 (left). The middle points of the 
LR side exhibit similar temperature profile throughout the whole caster. In contrast, the corner points differ at 
the end of primary cooling zone by 61 °C from the rounded billet (RB). The billet with RC is less subcooled 
than  

   

Figure 3 Temperature profile (left) and longitudinal stress component history (right) of SB and RB of steel 
grade S355 

the sharp billet (SB). The temperature profile difference of the corners remains at around 50°C throughout the 
whole casting until the cutting zone. The evolution of longitudinal stress in the corners at the LR side are 
depicted in Figure 3 (right). Except of the mould exit, corner at the LR side of the RB exhibits relatively modest 
history with less extremes compared to the SB corner. Those sharp stress peaks in the primary section of the 
secondary cooling zone in both corner shapes are evoked in particular by intensive nozzle cooling 
nevertheless rollers induce excess stress as well which can be seen especially in case of SB after the end of 
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the nozzle cooling section from 12th meter of the caster length. Figure 4 depicts the distribution of longitudinal 
stress component over the billet cross section in different locations. Especially before and immediately after 
the straightening section and at the end of the analysed time interval of the casting near the cutting section. 
The maximal tensile stress on the surface, which is dangerous for possible crack initiation, is reached during 
the straightening stage at the SB corner. For the RB, the tensile values are lower but exhibit similar behavior 
as the SB.  

 

Figure 4 Longitudinal stress distribution in SB (bottom) and RB (top) of steel grade S355 before (left), after 
(middle) straightening and at the cutting section of the CCM (right) 

Calculated values can be then substituted into the criteria and compared with the quality reports. The criteria 
optimization consists in obtaining the same quality results in both quality reports and prediction results based 
on the values of criteria gained from the models [9]. A number of criteria related to various quality parameters 
of steel exist. Some criteria are discussed in [10] and those were proposed and used for optimization of free 
defect casting. The rapid simulation of thermal and mechanical models can be improved by means of GPU 
techniques, which provide the fast evaluation of temperature and stress-strain distributions with a subsequent 
assessment of the strand quality based on the crack criteria. If none of the critical conditions is violated, the 
strand can be considered as a strand without quality issues and can be immediately used and processed. 
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5. CONCLUSION 

In this work the 2.5D slice-thermo-mechanical model was created. In terms of thermal distribution, the 
previously developed 3D BrDSM was degraded to moving 2.5D slice model. This degradation is of a great 
importance while the results do not vary and the required calculation time is significantly reduced compared to 
3D BrDSM, while there no need of the recalculation of the whole temperature field in the strand in each time 
step. Thus, it will allow the cooperation of the thermal and the mechanical model with the possibility of the 
strand quality prediction in real time. The construction idea of 2.5D slice model was presented. The results of 
temperature distribution from thermal solidification model were used into the mechanical model to calculate 
mechanical stress-strain distributions in the billets. The comparison of SB and RB was set due to the 
problematic topic of corner cracks formation. Temperature history and longitudinal stress results confirmed 
better behavior of the RC billet against SC billet. The primary reliability of these models was proved, and the 
future work is focused on verification of crack criteria which can predict the probability defects occurrence. 
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Abstract 

Objective of this work is to model the thermal expansion coefficients of selected steel grade and compare 
results with those measured by TMA method. Coefficient of thermal expansion is described as a function of 
steel composition (C, Mn, P, S, Si, Cr, Ni, Mo) and temperature. Experimental values are described and 
compared with model. Correlation analysis of these data sets is done. Presented model is based on using 
artificial neural network and represents a preliminary test of method capability to be used for such problems 
class - for predicting of thermophysical properties depending on composition and temperatre. 

Keywords: Coefficient of thermal expansion, artificial neural network, material proporties, modelling 

1. INTRODUCTION 

The introduction should provide a clear statement of the study, the relevant literature on the study subject and 
the proposed approach or solution. 

Using of methods based on artificial neural network (ANN) in material engineering became a promising way 
for predicting a wide variety of steel properties [1-4]. ANN also are capable of helping with design of new 
material of desired properties [5]. Thermophysical properties depending on material and its composition, 
temperature or even previous forging operations and heat treatment are not easy to obtain from commonly 
available literature [6-8]. One of those properties could be coefficient of thermal expansion (CTE) which is 
important in predicting of thermal stresses during manufacturing of goods or use of them. 

Thermal expansion of material results in thermal stresses in material which can lead to yielding or cracking if 
the stresses are sufficiently high. In some applications (gas /steam turbines, parts of car engines, etc.) it is 
crucial to minimize thermal stresses by selecting material with low or similar CTE in mutually interacting 
components. There is a strong correlation between chemical composition, temperature and values of CTE so 
the relationship between them needs to be studied [9].  

Neural network has the advantage of being fast, flexible efficient and accurate tool to predict and model highly 
nonlinear multidimensional relationships. Due to the flexible modeling and learning capabilities of ANN, it is 
possible to solve complex problems without any mathematical relationships between inputs and outputs. This 
method also reduces the need for experimenal work and time-consuming regression analyses. 

2. ARTIFICIAL NEURAL NETWORK MODEL 

An ANN has non-linear basic processing units called neurons. The neuron model and architecture of a neural 
network describe how a network transforms its inputs into outputs. The neural network architecture consists of 
multiple layers of neurons which have a summing up junction and a transfer function. A single neuron 
(Figure 1) 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 a constant value of 1 but can be omitted. 
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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. 

 
Figure 1 Simple neuron 

The most commonly used neural network architecture for predictive type of tasks is given in Figure 2. 

 
Figure 2 Multiple layer perceptron architecture 

It consists of one input layer, one output layer, and one hidden layer. The added hidden layer contains 
intermediary parameters that are automatically generated by the model; the hidden layer is necessary in case 
of complex non-linear relationships between the inputs p and the output Y. One or multiple neurons connect 
the input to the hidden layer. Similarly, one or multiple neurons connect the hidden layer and the output layer. 

2.1. Methodology 

The chemical compositions of the materials used in modelling are summarized in Table 1. Grades 1 -9 are 
described in [8], 10 - 11 in [9]. Those and temperature (from 10 K to solidus temperatures) represent inputs to 
the model. The output of the model is a value of CTE. 
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Table 1 Steel grades used for model  

Grade Element C Mn P S Si Cr Ni Mo 

1 wt.% 0.150 2.000 0.200 0.150 1.000 18.000 9.000 0.600 

2 wt.% 0.080 2.000 0.040 0.030 1.000 19.000 9.250 0.000 

3 wt.% 0.030 2.000 0.045 0.030 1.000 17.000 12.000 2.500 

4 wt.% 0.080 2.000 0.045 0.030 1.000 17.000 12.000 2.500 

5 wt.% 0.080 2.000 0.045 0.030 1.000 19.000 13.000 3.500 

6 wt.% 0.080 2.000 0.045 0.030 1.000 18.000 10.500 0.000 

7 wt.% 0.080 2.000 0.045 0.030 1.000 18.000 11.000 0.000 

8 wt.% 0.150 1.000 0.040 0.030 1.000 12.500 0.000 0.000 

9 wt.% 0.120 1.000 0.040 0.030 1.000 17.000 0.000 0.000 

10 wt.% 0.077 0.635 0.021 0.008 0.201 0.049 0.027 0.003 

11 wt.% 0.162 0.707 0.012 0.007 0.191 0.046 0.0260 0.005 

12 wt.% 0.150 1.11 0.030 0.020 0.500 6.63 3.170 0.410 

Min wt.% 0.030 0.635 0.012 0.007 0.191 0.046 0.000 0.000 

Max wt.% 0.162 2.000 0.200 0.150 1.000 19.000 13.000 3.500 

Mean wt.% 0.099 1.577 0.053 0.037 0.854 14.145 6.982 0.828 

The MATLAB Neural Network Toolbox is used for the optimization of the ANN architecture. To avoid over-
fitting inputs and targets are subdivided into three subsets - training (70 %), validation (15 %) and testing  
(15 %) subset randomly. Over-fitting leads to an inability of the network to provide accurate predictions for new 
sets of inputs, so over-fitted model can only accurate correlate the given inputs. 

Training subset (only) is used to develop the model. The validation subset is used to limit over-fitting - 
preventing the model from memorizing only a given data set and inability to model a new data set with unknown 
values of targets. The test subset is used for checking the generalization capacity of the network - the ability 
to provide an accurate prediction of unknown CTE for a new composition of steel and temperature. 

2.2. Results 

Several ANN were build; the best 
five architectures were stored. 
Correlation between outputs and 
targets for them are depicted in 
Figure 3. The neural network 
consisted of multilayer perceptron 
(MLP) with nine input neuron (8 for 
composition, 1 for temperature), 
eight hidden neurons in the hidden 
layer and one output neuron with 
tanh activation function between 
inputs and hidden layer and 
identity transformation function 
before output neuron was used. 

Previously not used steel grade 
(12 from Table 1) was used for 

Target vs. Output

1.MLP 9-8-1
2.MLP 9-11-1
3.MLP 9-7-1
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Figure 3 Performance of the best five ANN architectures 
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testing of generalization capability. Comparison with measurement on TMA (Figure 4) device shows good 
accordance of results. 

 

Figure 4 Results comparison 

Figure 4 also shows comparison of measured values of CTE and computed by routine proposed by author 
[10] which is based on relation between CTE nad temperature dependant change of volume computed by 
software Thermo-Calc. Correlation between values predicted by MLP 9-8-1 network model and those 
measured is shown in Figure 5 with high coefficent of determination R2=0.96. Mean deviation between 
predicted and measured values is under 2 % with maximum of 8 % both sides especially at room temperature 
or near austenite decomposition start and end temperatures. 

 

Figure 5 Correlation between model and real data for steel grade 12 
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3. CONCLUSION 

Good accordance of predicted values of CTE with those measured shows ability of artificial neural network to 
model thermophysical properties dependant on composition of steel and temperature. Of course there is still 
need to find optimal architecture of network with aim to get even higher value of the coefficient of determination 
which is certainly possible as cited references proof.  

One of the way is widening the data for building such network especially collection data for more steel grades 
with better distribution of alloying content. Also consistent data set by means of method of CTE measurement 
would help because differences between values from different methods are not negligible. Future work should 
focus on creating a comprehensive collection of thermophysical properties for tens or even hundreds steel, 
cast iron or iron alloys in general to develop highly reliable tool to predict properties values of new alloy grades 
developed by material engineers. 
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Abstract 

This research paper combines investigation of mechanical properties of austempered ductile cast iron (ADI) 
and comparison with standard grades of steel and cast iron. Due to the special features of both materials - 
catsability from cast iron, and toughness from steel, ADI attracts an attention of industry and science because 
of economic benefits and high performance at the different application areas. Austempered ductile iron was 
tested on tension where unconventional behaviour was observed: with the increase of tensile strength almost 
to 1600 MPa the metal became less brittle. Hardness test revealed absence of linear relation between strength 
and hardness, different hardness values ~ 40 HRC or ~ 55 HRC can be reached with the same tensile strength 
1000 - 1200 MPa. After successful tensile tests the main direction of further studies was solving relevant 
practical wear and fatigue problems in rail-wheel system. The complex practical studies demonstrated that ADI 
is consistent with heat treated steels including the rail steels: required tensile strength of rail steel ranges from 
1180 MPa to 1280 MPa when rolling surface hardness is expected to be in the range of 38 HRC - 44 HRC, 
whereas tensile strength of ADI was higher, up to 1400 MPa, and hardness slightly higher than of steel, 
50 HRC. Herewith the workability of frictional couple cast iron/steel 20MnCr5G exceeded work performance 
of steel/steel system by 14 %. Specific properties emerged from successful ratio of three elements Mo, Ni, and 
Cu, and properly chosen austenitization schedule.  

Keywords: Austempered ductile iron, mechanical properties, austenitization, steel like iron 

1. INTRODUCTION 

Steel and cast iron are iron-carbon base alloys, the production of which to determines the world technical 
progress over the past 200 years. The extent of production of these ferrous alloys, despite the fact that there 
is a continuous study for their substitutes, such as special non-ferrous alloys, powder materials, polymers, 
composites, etc., rise steadily [1,2]. Production of both steadily increases, however, extent of cast iron casting 
significantly inferior to the production of steel. It can be explained by lower strength of former. 

Up to the middle of the last century the only cast iron grade able to show both a high castability as well as 
good mechanical properties was malleable iron [3,4]. These results were achieved by graphitizing annealing 
performed on white cast irons. Later studies in 60’s adding magnesium and cerium allowed to obtain cast irons 
with nodular shape graphite (ductile cast iron) and analogous mechanical properties with lower production 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

63 

cost. Ductile cast iron is a fascinating engineering material for the manufacturing of different components 
including wear resistant parts requiring an optimized compromise between fatigue and wear, truck suspension 
parts, power transmission components, stones crushers and mining components, and components of various 
geometrical complexity, etc. [5-7]. Austempering is the most widely used heat treatment procedure to reach 
excellent combination of high strength, ductility, good wear resistance and tribo-fatigue behavior. So called 
austempered ductile irons (ADI) in addition to low manufacturing cost, fluidity, recyclability, damping capacity, 
and heat conductivity are much better than of some grades of alloyed cast steels, consequently they can be 
considered as an economical replacement for alloyed steel and other grades of cast irons [8,9]. 

Mechanical properties of ADI are strongly influenced by chemical composition, austempering temperature, 
holding time, and quenching rate. Heat treatment cycle places significant role in resultant properties of cast 
iron. Such an iron has a microstructure consisting mainly of ferrite-austenite and nodular graphite particles 
[10]. Microstructure of ADI could be altered changing modificators and parameters of heat treatment 
processes. 

If high wear resistance application is necessary, ADI could be considered because of its suitability to the 
different wear mechanisms: abrasion, adhesion, contact or sliding fatigue, tribo-fatigue, and tribo-corrosion. 
Introduction of carbides in ADI composition with the purpose to reinforce the matrix subjected to abrasive wear 
may adapt to different wear mechanisms [11], consequently existence of hard carbide particles in such a 
tribosystem increases the abrasion resistance however reduces the impact toughness [12]. 

Wheel-rail tribo-fatigue system is the physical basis of train movement on steel railways which are the nervous 
system of the railroads, and obviously their conditions an efficiency of whole system. The requirements for 
steel rails are continuously increasing, since it is necessary to transport more and more cargo (people as well) 
to ever longer distances with steadily increasing speeds. So, it is extremely important to analyze situation of 
the rails and to suggest the best materials. To succeed achieve this goal a specific scientific proposal is put 
forward: casting of rails made of austempered ductile cast iron. Therefore, if the mechanical properties of 
ductile cast iron for rails were about the same as that of steel, then well-known high-strength nodular cast iron 
would be incomparably better than steel in a number of service properties: wear resistance, self-lubrication, 
damping ability and others. To achieve this goal a specific scientific proposal is put forward: casting of rails 
made of austempered ductile cast iron. The point is to have such high-strength cast iron for the manufacture 
of rails, the mechanical properties of which at least would not be inferior to steel, i.e. steel like high-strength 
cast iron would be preferable. Such a austempered ductile cast iron with specific ratio of Ni, Mo, and Cu for 
potential application in rail-wheel system is under the consideration in this research paper. 

2. METHODOLOGICAL BASES 

Commercial grades of case hardening steel (20MnCr5G) and austempered ductile cast iron (ADI-1050) were 
selected for comparison with ADI. The chemical composition of material under the research is shown in  
Table 1. The former was chosen due to its suitability to manufacture the cemented parts, which require 
increased strength and toughness of the core, as well as high surface hardness, working under the shock 
loads. The lower bainite structure of the later (ADI) assures high contact fatigue strength (1020 - 1260 MPa) 
which exceeds contact strength of carbon, alloyed, nitride and hardened steels, but stays behind case 
hardening steels (1260 - 1630 MPa).  

Table 1 Chemical composition of material under the research 

Element C Si Mn Cr Mo Ni Cu Mg Ti Fe 

wt. % 3.5 - 3.7 2.5 - 2.8 0.2 - 0.3 0.02 - 0.06 0.4 - 0.6 0.5 - 0.6 1.1 - 1.3 0.03 - 0.07 0.01 - 0.12 Bal. 

Austenization was used to modify properties seeking to achieve the higher mechanical strength along with 
steel-like ductility. This treatment requires an interrupted quenching in a salt bath with long enough duration to 
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reach the desired austempering effect [13,14]. Treated alloy has a combination of exceptional strength and 
toughness, corresponding or even exceeding those of alloyed steels. The cycle of austenitization began from 
holding at 890 °C for ~ 30 min in a furnace. Afterwards, an isothermal heat treatment process, in which test 
samples were quenched in a molten salt bath of sodium and potassium nitrate salts (potassium nitrate 
KNO3 - 50 % GOST 19790-74, sodium nitrate NaNO3 - 25 % GOST 4168-79, sodium nitrite NaNO2 - 25 % 
GOST 19906-74). The test samples were removed from a high temperature to the quench bath within 5 s, to 
ensure formation of upper or lower bainite. Austempering was done at different temperatures: 330 °C, 300 °C 
and 270 °C, in order to study the influence of the process temperature on tensile strength-ductility ratio and 
the evolution of microstructure. Time of the process plays significant role on the formation of structure 
consequently the properties of the material. If time is too short, the hardness can reach high values with low 
values of toughness and ductility, while if time is too long lower hardness, strength, fracture toughness and 
ductility exhibits. At the temperature of 330 °C slightly more than half an hour is enough to reach necessary 
structure, while lowest process temperature 270 °C requires more than 1 h [15,16]. 

Tensile test pieces were made according to the dimensions presented in Figure 1. Tensile tests were done 
on multifunctional servohydraulic testing machine LFV100, Walter-Bai AG, Switzerland.  

 

Figure 1 Dimensions of tensile test piece 

Tribo-fatigue test pieces were casted according to the scheme presented in Figure 2. SI-O3 M test machine 
was used to study behavior of ADI in the contact with counter-specimen [16]. 

 

Figure 2 Dimensions of tribo-fatigue test piece 

Brinell and Rockwell hardness tests were accomplished at the different stages of experiment using Universal 
hardness tester Verzus 750CCD. Vickers surface hardness (HV30) of the surface of the hardfacings was 
measured using the Vickers hardness tester Indentec 5030KV (Zwick/Roell, Germany) at the load 294.3 N 
(30 kgf) and the dwell time 10 s. Ten measurements were done on each sample and the average hardness 
value was calculated. Analysis of microstructure was performed on MLA 10 and Carl ZeisAxio Scope A1. 
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3. RESULTS AND DISCUSSION 

The strength, hardness and fatigue of any metal can be characterized by its structure. As cast ductile iron 
(Figure 3 a) has a typical bull’s eye structure which is formed largely of pearlitic matrix and ferrite surrounding 
graphite [16]. 

During the austempering process in the region where two phases ferrite and austenite coexist, pearlitic matrix 
trasforms to austenite and the certain amount of ferrite which still is influenced by the austenitizing temperature. 
The austenite, gathered at the grain boundaries of ferrite, starts to grow through the ferrite grains. The result 
of such a growth is formation of ferritic matrix layered with carbon-enriched austenite. Further nucleation of 
austenite at the grain boundaries of primary ferrite leads to the enrichment and saturation of austenite with 
carbon, later diffusion of carbon becomes complicated causing by the end of ferrite grain growth. 

  
a b 

  
c d 

Figure 3 Optical views of ADI: a - as cast; b - austempered at 270 °C; c - 300 °C; d - 330 °C 

Treated at 270 °C the microstructure of samples (Figure 3 b) consist mainly of matrix of ausferrite, bainitic 
ferrite and graphite nodules. On increasing the austempering temperature to 300 °C or to 330 °C (Figures 3 

c and d respectively) more ausferrite is formed, and its feathery needles become coarser [17]. The higher the 
temperatures of austempering the higher quantity of coarse ausferrite, at the same time as Lever rule says the 
volume of ausferrite decreases on increases the process temperature. Thus, from the images in Figure 3 it 
can be concluded that the structure of austempered ductile cast iron is neither bainitic, nor martensitic, nor 
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ferritic-pearlitic; it is a special cast iron, which, in respect on the austempering temperature can demonstrate 
various and diverse structural states similar to the microstructure of steel. 

Comparison of the durability limits of ADI, commercial grade of cast iron ADI-1050, and structural steel 
20MnCr5G are presented in Table 2. 

Table 2 Durability limits of materials under the research 

Material 
Hardness (HB) 

Limit of contact fatigue 
(MPa) 

Limit of durability on tension 
(MPa) 

min max min max min max 

ADI-1050*  200 300 550 700 210 248 

20MnCr5G** 200 300 706.6 1123.1 302.6 370.3 

ADI this paper 320 360 900 1050 270 310 

* ISO 17804/JS/1050-6/S;   ** DIN EN 10083-3-2009, ISO 683-2:2016 

It is clearly seen that ADI with specific ratio of Ni, Mo, and Cu is a very successful competitor for standard 
grade austempered cast iron and even overtakes alloyed steel. Comparing cast iron and steel by loading 
capacity and durability, the output will be similar. 

The loading capacity of FN = 1100 N and durability (number of loading cycles N = 1.20 × 106) with a multistage 
increase in load until the ultimate state is reached of ADI and steel 20MnCr5G (ultimate tensile strength 

u = 1600 MPa, hardness 700 HV, fatigue strength at the bending 640 MPa and contact fatigue of 1270 MPa). 

ADI showed high fatigue resistance. All the tests were performed under the same frequency of 3000 1/min, as 
the base 105 cycles longevity was used. Results showed that cyclic stresses significantly slowed process of 
tribo-fatigue under the given test conditions, as a result workability range was increased approximately by 
14 %. It can be explained by the removal of thin surface layer containing primary fatigue cracks during the test 
out of the working zone. 

Tribo-fatigue failure mechanism is related with accumulation of microplasticity, so it is assumed that it strongly 
depends on material hardness [11]. For homogeneous materials such as hardened or tempered steel, the 
hardness is a dominant property in the tribo-fatigue system, however for austempered ductile irons with 
complex structure (nodular graphite, retained austenite, carbide) this dependence due to the presence of 
different inclusions is lower. On the other hand, formation of granular carbides in the structure of MoNiCa [8] 
promotes an increase of abrasion wear resistance with slightly decrease of toughness. This behavior needs 
further studies. Ensuring the required coefficient of friction for high-loaded tribo-fatigue system is of the great 
practical importance, since its specific numerical value firstly causes the loss of drive power, and secondly 
directly affects the wear of the elements of the contact couple. 

4. CONCLUSION 

The presented study showed that austempered ductile cast iron modified with successful ratio of Ni, Mo, and 
Cu has only one serious competitor in tensile strength-ductility, tribo-fatique study: case hardening steel. ADI 
displayed tensile strength increase to almost 1600 MPa, what is more expected from heat treated steels. It 
was reached having austempering temperatures of 270 °C, 300 °C, and 330 C, as a result the metal became 
less brittle. Hardness test showed absence of linear relation between strength and hardness of ADI, different 
hardness values ~ 40 HRC or ~ 55 HRC can be reached having the same tensile strength 1000 - 1200 MPa. 
Due to the different austempering temperatures optical analysis showed formation of specific structures. It was 
shown that ADI is not inferior to high-strength steel including rail steel in terms of mechanical properties, fatigue 
resistance and fracture toughness. Test performed on SI-O3 M tribo-fatigue machine using small-sized models 
let say that the application of the ADI for rail production can lead up to 50 % of wear reduction. Taking into the 
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account lower cost of cast iron manufacturing it can be expected the cost of cast rails made on ADI could be 
by 30 - 50 % less than the cost of the steel rails produced by rolling. 
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Abstract  

Three model alloys based on Fe-C-Cr-Ni were studied. Alloys contained 0.34 - 0.36 wt. % of carbon and 
chromium and nickel in the range of 1.04 - 4.96 wt. %. Thermal expansion coefficient and density were studied 
in the temperature range of 200 - 1600 °C. Temperatures of phase transformations in the low and 
high-temperature area were evaluated too. The experimental data were obtained using dilatometry. The 
NETZSCH DIL 402 Expedis Supreme with NanoEye, the optoelectrical displacement system, was used for 
experiments. Measurements were done in an inert atmosphere of pure helium by a heating rate of 10 °C/min. 
The experimental data were compared and discussed with the calculation results using SW Thermo-Calc with 
implemented Fe-based alloys database TCFE8.1 and SW JMatPro with implemented General steel database. 
The influence of various contents of chromium and nickel was studied. 

Keywords: Fe-C-Cr-Ni alloys, dilatometry, thermal expansion coefficient, density, temperatures of phase 
transformation, Thermo-Calc, JMatPro 

1. INTRODUCTION 

Thermophysical and thermodynamic properties of systems based on Fe were and still are a subject of 
extensive research [1-3]. To predict thermophysical and thermodynamic material properties of complex 
systems, it is necessary, to have a high quality of experimental data of simpler systems such as Fe-C-O-Cr, 
Fe-C-O-Ni or Fe-C-O-Cr-Ni [4,5]. The key material data required for the thermodynamic and thermophysical 
description of materials include the phase transformation temperatures, thermal expansion coefficient, density 
and others [3,5]. 

Control of thermal expansion is critical issue of engineering design in a wide range of applications, especially 
when components are small, undergo large temperature gradients, or require high dimensional stability over 
a wide range of temperatures [6]. Materials with low coefficients of thermal expansion are demanded in many 
fields. These materials can improve the thermal stability of devices in precision measuring instrument fields, 
optoelectronic devices manufacturing areas and microelectronics fields [7]. Materials with specified 
mechanical, thermal properties and superlow thermal expansion are needed not only for rocket engineering in 
aviation and space industries but also for high-temperature-resistant composites with steel matrix [8]. 
Obtaining a low density of steel with good mechanical properties is one of the critical issues in current 
automotive or construction industry [9,10]. 

2. EXPERIMENT 

2.1.  Sample characterization 

Three model alloys based on Fe-C-Cr-Ni were studied. These alloys contained carbon of 0.34 - 0.36 wt% and 
chromium and nickel in the range of 1.04 - 4.96 wt%. Chemical composition that was determined directly on 
samples for thermal analysis is presented in Table 1. 
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Table 1 Chemical composition of studied alloys /wt% 

Alloy C Cr Ni O P S Mn Al Cu 

CrNi1 0.360 1.040 1.080 0.002 - 0.003 0.030 0.004 0.012 

CrNi3 0.340 3.040 2.950 0.002 0.004 0.003 0.027 0.004 0.014 

CrNi5 0.360 4.960 4.700 0.004 0.004 0.004 0.034 0.002 0.014 

The samples for dilatometric analysis were processed into the form of cylinders with a diameter of 6.35 mm 
and 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 ampoule as possible in which they were analysed. The samples were polished (the 
possible oxidation layer was removed) and cleaned by ultrasonic impact in acetone before analysis. The length 
calibration was performed using Al2O3. Temperature calibration was performed in the low-temperature area 
with Ag and the high-temperature area using Pd. 

2.2.  Experimental conditions 

For obtaining the experimental results was used NETZSCH DIL 402 Expedis Supreme with S-type 
thermocouple. The measurements were carried out in sapphire ampoules. The dynamic atmosphere of helium 
was maintained in the furnace during the analysis. The purity of helium was 99.9999 %. 

There were experimentally obtained dilatometric curves, from which thermal expansion coefficient and density 
were calculated in software Proteus. Two measurements were carried out under the same experimental 
conditions. The force applied to the sample was 0.2 N and the heating rate used was 10 °C/min. Temperatures 
of phase transformations were detected from a derivation of the dilatometric curve and its c-DTA curve. In this 
work are presented mean values from two measurements. 

3. THEORETICAL CALCULATIONS 

Theoretical calculations were performed using thermodynamic SWs JMatPro (ver. 11.1 and database of 
General steel) and Thermo-Calc (ver. 2019a and database of TCFE8.1). Elements O, P, S have not been 
included in Thermo-Calc (marked as TC) calculations. The calculations were unstable with these elements. 

Both software does not calculate the thermal expansion coefficient and density directly. The thermal expansion 
coefficient is calculated as a function of molar volume, and density is calculated as a function of mass and 
volume of the system. The thermal expansion coefficient is calculated from volumetric expansion coefficient 
from relation [11]: 

h � 
��  ����               (1) 

where: 

β - volumetric expansion coefficient (K-1), V - volume (m3), V0 - initial volume (m3), T - temperature (K) 

For isotrophic materials β ≈ 3α [11], where α is thermal expansion coefficient (K-1). 

4. RESULTS AND DISCUSSION 

The thermal expansion coefficient and density in the temperature range from 200 to 1600 °C were studied for 
all alloys. Temperatures of phase transformations in the low and high-temperature area were detected too. 
Experimental values were compared with theoretical calculations obtained by SW JMatPro and Thermo-Calc. 
The experimental and theoretical values are presented in Figures 1 - 4. 
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4.1. Temperatures of phase transformations 

Temperatures of phase transformations were detected 
from dilatometric curves. In Table 2, there are 
experimentally and theoretically obtained values. In 
Figure 1, there are marked temperatures of phase 
transitions at the experimental curves. The start of α →γ 
is marked as Tα→γ,S and the end is marked as Tα→γ,E. The 
temperature of solidus is market as TS, and the 
temperature of liquidus is marked as TL. 

From Table 2, can be see, that with increasing content of 
chromium and nickel, temperatures of phase 
transformations in α→γ transformation and melting are 
shifting to lower values. The most significant differences 
between experimental and theoretical values are for the 
start of phase transformations (Tα→γ,S, TS).  

This may be due to the fact that the temperatures of the 
onset of transformations are more difficult to determine 
experimentally (using thermal analysis methods). The 
end of the phase transformation is often more noticeable 
than the start, mainly in high-temperature area. 
Furthermore, this may be because the theoretical 
calculations are mostly concerned with the liquidus 
temperature, and therefore, there are also the smallest 
differences between the experimental and theoretical TL 
values. 

The start of α →γ transformation was not calculated for CrNi5 alloy according to which the transformation 
proceeds from the initial temperature of the calculation (25 °C). This behavior is characteristic of duplex steels, 
which usually contain a higher content of chromium (over 20 wt%).  

Theoretical values from JMatPro calculations are closer to experimental data. It can be caused by the fact that 
calculation with SW JMatPro includes all elements and calculation with SW Thermo-Calc does not include O, 
P, S elements. 

4.2. Thermal expansion coefficient 

Experimentally obtained values of thermal expansion coefficient are presented in Figure 1. Comparison of 
experimental and theoretical values was performed for all alloys. As an example, was selected CrNi3 alloy, 
which results are in Figure 2. 

From the experimentally obtained dependence of thermal expansion coefficient (α) on temperature, it is clear, 
that alloy CrNi1 has the highest values of α in the whole temperature range. The lowest values in the 
temperature range of 273 - 765 °C has alloy CrNi5. From 765 °C to 1499 °C has the lowest values of α alloy 
CrNi3. According to calculations in SW JMatPro, α values decrease with increasing chromium and nickel 
content. It is not possible to determine a clear trend of thermal expansion coefficient values shift from the SW 
Thermo-Calc calculations. 

Experimentally obtained thermal expansion coefficient is within the range of 11.34 - 14.32·10-6 K-1 
(200 - 680 °C), 7.88 - 14.37 ·10-6 K-1 (681 - 900 °C), 9.7 - 14.48 ·10-6 K-1 (901 - 1400 °C) and 
13.02 - 30.12 ·10-6 K-1 (1401 - 1600 °C).  

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

°C DIL JMatPro* TC** 

CrNi1 

Tα→γ,S 746 710 717 

T α→γ,E 783 765 766 

TS 1424 1453 1456 
TL 1510 1503 1502 

CrNi3 

T α→γ,S 739 658 670 

T α→γ,E 771 742 748 

TS 1422 1448 1451 

TL 1504 1496 1494 

CrNi5 

T α→γ,S 678 - - 

T α→γ,E 796 722 728 
TS 1426 1432 1437 

TL 1493 1488 1485 

*Calculation includes all elements 

**Elements not included for calculation: O, P, S 
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The theoretical values from both calculations are in the range of 12.13 - 17.45 ·10-6 K-1(200 - 680 °C), 
6.95 - 14.44·10-6 K-1 (681 - 900 °C), 9.7 - 16.53·10-6 K-1 (901 - 1400 °C) and 14.06 - 27.65·10-6 K-1 
(1401 - 1600 °C). The smallest differences between experimental and theoretical calculations are except for 
phase transformations, there are in the range of 0.00 - 33.72 %. The higher differences are in the phase 
transformations. The biggest difference is 86.51 % for alloy CrNi3 in α→γ transformation. 

  

Figure 1 Experimentally obtained thermal expansion 
coefficient for all alloys with marked temperatures of 

phase transformations 

Figure 2 Comparison of experimental and 
theoretical data of thermal expansion coefficient 

for alloy CrNi3 

The experimental results show that with increasing content of chromium and nickel, α shifts to lower values to 
α → γ transformation. After that, the CrNi3 sample has higher values than CrNi5 up to the melt. 

4.3. Density 

Experimentally obtained values of density are presented in Figure 3. Comparison of experimental and 
theoretical values was performed for all alloys. As an example, was selected CrNi3 alloy, which results are in 
Figure 4. 

From experimentally obtained dependence of density (ρ) on temperature, it is clear, that CrNi5 alloy has the 
highest values to 1000 °C. In the temperature range of 1001 - 1480 °C densities of CrNi3 and CrNi5 alloy 
overlap. The lowest values have alloys CrNi1 and CrNi3 to 700 °C. In the temperature ranges of 701 - 1480 °C 
and 1517 - 1600 °C has the lowest values of density CrNi1 alloy. The calculations in the SW Thermo-Calc 
show that with increasing chromium and nickel content, the density values increase up to the solidus 
temperature. The opposite trend occurs at this temperature. Calculations in SW JMatPro show the same trend 
up to liquidus temperature. From this temperature, the CrNi5 sample again has the highest density values. 

  

Figure 3 Experimentally obtained density  
for all alloys 

Figure 4 Comparison of experimental and 
theoretical data of density for alloy CrNi3 
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Experimentally obtained density is within the range of 7.66 - 7.83 g·cm-3 (200 - 680 °C), 7.64 - 7.74 g·cm-3 
(681 - 900 °C), 7.43 - 7.69 g·cm-3 (901 - 1400 °C) and 6.86 - 7.46 g·cm-3 (1401 - 1600 °C). 

The theoretical values from both calculations are in the range of 7.62 - 7.81 g·cm-3 (200 - 680 °C), 
7.61 - 7.73 g·cm-3 (681 - 900 °C), 7.36 - 7.64 g·cm-3 (901 - 1400 °C) and 6.95 - 7.41 g·cm-3 (1401 - 1600 °C). 
The differences between experimental and theoretical calculations are very small. They are in the range of 
0.00 - 4.82 %. The largest differences are in the melting for both calculations (3.37 - 4.82 %). 

The experimental results show that chromium and nickel have very small effect on the change of density. With 
increasing chromium and nickel content, the density values increase slightly over the entire temperature range. 

5. CONCLUSION 

The thermal expansion coefficient and density were studied in the temperature range of 200 - 1600 °C by 
dilatometry. The temperatures of phase transformations in the low and high-temperature area were obtained 
as well. The experimental data were discussed and compared with the theoretical calculations by SWs 
JMatPro and Thermo-Calc. Higher differences between experimental and theoretical calculations are for 
thermal expansion coefficient. The most significant differences are in α→γ transformation for alloy CrNi3.Very 
good agreement between experimental and theoretical values was shown in the case of density (maximum 
deviation of 4.83 %).  

In the case of phase transformation temperatures, the best agreements are between the experimental and 
theoretical values for the temperature of liquidus. The most significant differences are in the case of the start 
of phase transformations (Tα→γ,S, TS). These may be caused by the fact that the theoretical calculation of TL is 
given the most attention; this temperature is best investigated. In the case of the beginnings of transformations, 
there is often a problem in their unambiguous experimental determination. The peak may be flattened, with a 
slow onset of phase transformations. 

With increasing chromium and nickel content, the values of the thermal expansion coefficient decrease. In the 
case of density, the opposite is true. The CrNi5 sample has the highest values of density. 

Values of thermal expansion coefficient obtained by measurement are valuable as input data for computational 
modelling of processes involving heating or cooling of steel products or semi-products during manufacturing, 
especially for designing or optimizing of production technology. Another usage is in products designing with 
specified properties in various fields like construction, automotive or aerospace industry. 
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Abstract  

Metal casting is one of the most important manufacturing process technologies and is defined as a process in 
which molten or liquid metal is poured into a mould. Today, metal casting components are found in over 90 
percent of manufactured goods and equipment, from critical component for aircraft and automotive industries 
to home applications as well as construction machineries. In a high competitive market, the productivity 
improvement is very important. The main aim of this work is to study the productivity improvement in Kuwait 
Steel Company using ergonomics factors such as noise and temperature. It is concluded that by considering 
the ergonomics the quality of products has improved and the productivity increased. It was found that, the 
productivity improved by 0.45 % for controlling the temperature and 0.80 % by controlling the noises.  

Keywords: Productivity, Kuwait steel, ergonomic, noise, temperature  

1. INTRODUCTION  

1.1. Productivity  

Productivity is an ability to produce a good or service. More specifically, productivity is the measure of how 
effectively resources are managed to complete timely objectives as stated in terms of quantity. Productivity is 
useful as a relative measure of actual output of production compared to the actual input of resources, measured 
across time or against common entities. Productivity is a measure of the rate at which outputs produced per 
unit of input. It is calculated as the ratio of the amount of outputs produced to the amount of inputs used [1]. 
Productivity describes various measures of the efficiency of production [2]. Productivity is a measure of the 
rate at which outputs of goods and services are produced per unit of input (labour, capital, raw materials, etc). 
It is calculated as the ratio of the amount of outputs produced to some measure of the amount of inputs used. 
Improving productivity can have connotations of economizing on the use of inputs for example, adopting 
efficient production processes that minimize waste. Equally, improving productivity can have connotations of 
yielding more output for example, using resources in activities or with technologies that generate more output 
[3].  

1.2. Ergonomic   

Ergonomics is redesigning a job to suit the worker so that the work is safer and more productive. 
Implementation of the study of ergonomic solutions can provide employees a better and comfortable working 
environment and also increase productivity. The temperature and noise are the most important vital factors 
that affect the performance of workers in casting industries [4,5]. Generally speaking ergonomics have many 
advantages in industries such as improves productivity and quality, employee engagement, increase saving. 
Ergonomics can reduce the primary risk factors and creates a better safety culture. So, this research presents 
an approach to improve productivity in metal casting to decrease mistakes of workers rate in the metal casting 
field by ergonomic and to increase safety and health rate in the workplace. Using a real-life example of Kuwait 
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Steel Company which produce a metal billets as a final product by using metal casting techniques at Kuwait 
Steel company which is located in Al-Shuaiba industrial area in Kuwait [6]. This report will study and compare 
the average worker performance rate for the “Before” study period with the average worker performance rate 
of the “After” study period. 

2. EXPERIMENT 

This section presents the experimental work on two ergonomic parameters including noise and temperature. 

2.1. How to Calculate Productivity Improvements on Increased Production Levels? 

Productivity improvements on increased production levels can be calculated by the following steps:  

a) Calculate the current productivity. This can be done by dividing the number of units completed by the 
number of hours spent on them. For example, if it takes two hours to complete the production of three 
units, then 1.5 units are produced per hour; 

b) Introduce incentives, such as bonuses for higher productivity. Also examine areas where you can make 
the job easier for employees. If materials are placed far away from workers, move them closer. If poor 
lighting and noise cause fatigue, examine improvements that can make in the workplace. Choose the 
productivity improvements and implement them; 

c) Measure productivity after improvements. Again, divide the number of units completed by the number 
of hours required to make them. After making improvements, it might find that four units were completed 
in two hours. The employees are now making two units per hour; 

d) Subtract the old production rate from the new. In the example, employees produce two units per hour, 
an improvement of 0.5. This is your production improvement figure; 

e) Divide the production improvement figure by the old production rate and multiply by 100 to get a 
percentage. In the example, 0.5 divided by 1.5 equals 0.33. Multiply by 100 to get 33 %. That figure is 
your improvement to productivity. 

2.2. Noise  

Ergonomic design is a way to fit the worker to the job by knowing their capabilities and limitations. Thus, the 
workplace is safer and more efficient which lead employees to feel more comfortable that will increase 
productivity. In addition, Ergonomic improvements can reduce the primary risk factors in the workplace. In 
Kuwait steel company, the conditions of the work atmosphere will increase the temperature and noise levels. 
So, working efficiency of worker is reduced. The problem begins when material loading in to the furnace. The 
electric furnace which has high performing is produces high noise when it melts the iron, the process takes 
shorter times for melting heat. But the worker cannot bear this. After the material is melt in the electric furnace 
it will go to The Ladle Furnace in this process the chemical composition will be adding to provide the product 
the mechanical properties that will give the steel the grades of international standards. Then once the desired 
chemical composition and temperature is reached, the steel is transferred to final process which is the 
Continuous Casting machine. During the transferring the higher temperature exists. This is simply explained 
to the processes of steel making, to control these two issues, we study the level of the noise and temperature 
in the surrounding area in different periods During  the day. First of all, the level of the noise which can be 
measured in units known as decibels (dB) level of noise exposure has different affected between people, so 
we can give level of noise that absolutely safe but in general daily noise exposure above 75-80dB can cause 
hearing damage. As shown in Figure 1, the standard of the World Health Organization’s recommended 
exposure limits of noise levels per day. So, the louder the noise is, the less time it takes to cause damage. 
Thus, the measurement of noise must be repeated at appropriate intervals to determining an employee’s 
effective exposure. Table 1 will present the noise level before new design. 
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Figure 1 Standard of the World Health Organization 

Table 1 Noise level before new design 

Shift /Hour  Average 

Morning shift 7 a.m. - 3 p.m. 

Intervals 8-9 a.m. 11 a.m.-12 p.m. 2-3 p.m.  

92 dB 88 dB 90 dB 98 dB 

Afternoon shift 3 p.m.-11 p.m. 

Intervals 4-5 p.m. 7-8 p.m. 10-11 p.m.   

91.6 dB 87 dB 93 dB 95 dB 

Night shift 11 p.m.-7 a.m. 

Intervals 12-1 a.m. 3-4 a.m. 6-7 a.m.  

89.3 dB 83 dB 86 dB 99 dB 

To reduce the noise exposure, we discussion some of important point with the Kuwait steel company such as 
they have to use proper work equipment, also do regular maintaining for work equipment. In addition, they 
should organization of work to limit duration and intensity of exposure and give adequate rest periods.  

Table 2 present noise level after new design. 

Table 2 Noise level after 

Shift /Hour  Average 

Morning shift 7 a.m.-3 p.m. 

Intervals 8-9 a.m. 11 a.m.-12 p.m. 2-3 p.m.  

80.3 dB 82 dB 80 dB 79 dB 

Afternoon shift 3 p.m.-11 p.m. 

Intervals 4-5 p.m. 7-8 p.m. 10-11 p.m.  

81.6 dB 77 dB 82 dB 86 dB 

Night shift 11 p.m.-7 a.m. 

Intervals 12-1 a.m. 3-4 a.m. 6-7 a.m.  

81d B 83 dB 81 dB 79 dB 
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2.3. Temperature  

Second, as we know the high temperatures tend to impair human functions. Additionally, the rise in core 
temperature causes causing thermal discomfort. Table 3 and Table 4 indicating possible complications at 
varying levels of heat index values as the National Institute for Occupational Safety and Health (NIOSH) 
classified [7].  

Table 3 Heat index associated protective measures for worksites 

 

Table 4 Effect of heat 

Celsius Fahrenheit Notes 

27-32°C 80 - 90 °F 
Caution: fatigue is possible with prolonged exposure and activity. Continuing 

activity could result in heat cramps. 

32-41°C 90 - 105 °F 
Extreme caution: heat cramps and heat exhaustion are possible. Continuing activity 

could result in heat stroke. 

41-54°C 105 - 130 °F 
Danger: heat cramps and heat exhaustion are likely; heat stroke is probable with 

continued activity. 

Over 54°C Over 130 °F Extreme danger: heat stroke is imminent. 

Moreover, Table 5 and Table 6 show the temperature measurement in Kuwait Steel Company before and 
after design. 

Table 5 Temperature measurement before new design 

Morning shift Average 

Hour 8-9 a.m. 10-11 a.m. 12-1 p.m. 2-3 p.m. 

T outdoor 24 °C 33 °C 39 °C 42 °C 34.5 °C 

T indoor 45 °C 48 °C 50 °C 53 °C 49 °C 

Night shift  

Hour 6-7 p.m. 8-9 p.m. 10-11 p.m. 1-2 a.m. 

T outdoor 28 °C 26 °C 27 °C 22 °C 25.7 °C 

T indoor 42 °C 44 °C 48 °C 50 °C 46 °C 

After applying our recommending in Kuwait steel company which are make the roof open so that the air will 
regenerate and installation more of barriers of heat insulation materials in front of furnaces. Table 6 shows the 
temperature measurement after new design.  
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Table 6 Temperature measurement after new design 

Morning shift Average 

Hour 8 - 9 a.m. 10 - 11 a.m. 12 - 1 p.m. 2 - 3 p.m.  

T outdoor 24 °C 33 °C 39 °C 42 °C 34.5 °C 

T indoor 34 °C 39 °C 41 °C 45 °C 39.7 °C 

Night shift  

Hour 6 - 7 p.m. 8 - 9 p.m. 10-11 p.m. 1 - 2 a.m. 

T outdoor 28 °C 26 °C 27 °C 22 °C 25.7 °C 

T indoor 41 °C 38 °C 35 °C 33 °C 36.7 °C 

3. RESULTS AND DISCUSSION  

The Relationship between the productivity and two factor which are noise level and temperature is an inverse 
relationship because when the noise level and temperature increase the productivity will decrease and this is 
what we proved through the result we get after calculating the yield.  

Factory production during the first month was around 100,000 Ton per month it approximates 3,333.3 Ton per 
day before any improve. For the noise level improve the production rate increases to 100,450 Ton per month 
that approximate 3,348.3 Ton per day. Thus, the productivity increases by 0.451 %. Then the production rate 
for the temperature improve increases to 100,800 Ton per month that approximate 3,360 Ton per day.  

So, the productivity increases by 0.80 %. Finally, when we compare the two factor the result show that the 
temperature has more effect on the worker in the factory than the noise level. Figure 2 and Figure 3 present 
the comparison data.  

Figure 2 Noise level before and after new design Figure 3 Chart of the temperature measurement  

4. CONCLUSION 

From the experimental results and their analysis, the following conclusions can be drawn: 

1) It is concluded that by considering the ergonomics the quality of products has improved and the 
productivity increased; 

2) It was found that, the productivity improved by 0.45 % for controlling the temperature and 0.80 % by 
controlling the noises; 

3) As for future work, this research can be extended by investigation into the influence of other parameters 
or other important factors which can be enhance on productivity such as employee motivation.     
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Abstract 

Numerical models of solidification and cooling of continuously cast billets or blooms are used both in research 
and in operational conditions to predict solid shell thickness, metallurgical length, solidification rate etc. The 
numerical model must be verified according to real values of quantities. Although several different quantities 
can be used to verify the model, most often the models are verified by comparing the calculated and measured 
surface temperatures of the strand in the secondary and tertiary cooling zones. 

The casting process is influenced by a number of known and hidden parameters, often time-varying, which 
are reflected in the measured surface temperatures, but which cannot be incorporated into the model due to a 
lack of information to define the exact boundary conditions. For the purposes of model verification, it is 
therefore necessary to revise the measured data. It is not enough to use only mathematical methods to process 
data without knowledge of the casting process, because uncertainties and temperature fluctuations have 
different and often difficult to detect causes. The article deals with sources of temperature uncertainties and 
fluctuations and methods of extraction of relevant values from measured signals. 

Keywords: Continuous casting, numerical model, surface temperature measurement, model verification 

1. INTRODUCTION 

Modern casting machines use supporting intelligent measurement and computing systems for process control 
and diagnostics [1]. One such means is a numerical model of the temperature field of a solidifying steel strand 
[2,3]. From the model, in addition to temperatures, other important quantities can be obtained, such as the 
thickness of the solid shell, the metallurgical length, the solidification rate etc. Numerical models serve either 
for research and development purposes, usually in the off-line versions, or as a support model for the operator 
or the caster control system, in the on-line versions. 

The accuracy of the outputs from the numerical model depends on the perfection of the model algorithm, 
knowledge of steel physical parameters and boundary conditions. Since none of them is ever completely 
accurate, the numerical model must be fine-tuned and verified, usually by comparing the calculated quantities 
with those measured in a real process. 

There are several quantities that can be used to validate the model, such as shell thickness or metallurgical 
length measured by various indirect methods including vibration analysis, radioisotope methods or 
measurement of the solid shell profile after breakout (Figure 1). Most often the models are verified by 
comparing the calculated and measured surface temperatures of the strand in the secondary and tertiary 
cooling zones. 
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It is known that continuous casting is a dynamic process with changes in 
parameters and thermal, chemical and mechanical quantities. It is necessary 
to distinguish between deterministic changes, caused by the operator or 
control system, and random or quasi-periodic variation caused by 
spontaneous fluctuations of internal quantities due to disturbances and 
nonlinearities in the system. Usually, such variations are impossible to 
include in the model boundary conditions [4]. Then the model calculates only 
smoothed or average values in time and space with limited accuracy [5]. 

But, in contrast to the model, all these changes and fluctuations in the 
process are reflected in the measured surface temperatures. Above that, the 
measured temperatures are burdened by the uncertainty of the 
measurement method. Therefore, temperatures must be processed before 
using them to verify the model. The aim of the research was to develop an 

empirical-statistical method to obtain relevant values of strand surface temperatures to verify the numerical 
model. The method and results are demonstrated on real data measured during the selected casting. 

2. NUMERICAL MODELS OF THE STRAND TEMPERATURE FIELD 

Several numerical models of rectangular and round billets and blooms were developed by the authors using 
either the in-house numerical software based on the finite difference method or the commercial environment 
ProCAST based on the finite element method. The in-house model was intended for monitoring the strand 
temperature field, solid shell thickness and metallurgical length in both off-line and on-line versions. 

 

Figure 2 Results from the in-house numerical model 

Theoretical background of the thermal model was based on the modified Fourier-Kirchhoff differential equation 
of the solidifying strand temperature field including the motion of the steel strand. 
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where: 

i - specific enthalpy (Jkg-1), 

t - temperature (°C), 

 

Figure 1 Part of solid shell 
after breakout 
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 - time (s), 

vz - casting speed (ms-1), 

z - longitudinal coordinate (m), 

 - thermal conductivity (Wm-1K-1), 

 - density (kgm-3). 

Material properties  and  were entered as functions on temperature and steel chemical composition. The 
latent heat of solidification was included in specific enthalpy as a function of temperature i = f(t). 

An example of results obtained from the in-house on-line model of round bloom of diameter 550 mm is in 
Figure 2. The figure shows the current state of the transient after a change in casting speed. In the upper part 
there are maps of temperature and phase fields. The red curve in the graph bellow them shows the surface 
temperature of the strand side in dependence on the strand length. Instantaneous values of measured surface 
temperatures at three individual positions are displayed as green dots. In this case, only three optical 
pyrometers were installed in the tertiary zone. In other applications, strand surface temperatures in the 
secondary zone were also measured. 

3. TEMPERATURE MEASUREMENT 

Due to movement of the strand, except for rare applications with tactile thermocouples, mostly contactless 
optical measurement methods are used. There are basic differences in the method of measurement and data 
processing according to the purpose of measurement. Unlike measurements for process diagnostics, surface 
quality and breakout prediction, in the case of measurements for model verification we need absolute and as 
accurate as possible temperature values. The more measuring points the more accurate is tuning and 
verification of the model. The most difficult problem is setting the boundary conditions in the secondary cooling 
area. Ideally, it would be necessary to measure the temperature behind each set of the nozzles whose flow 
can be adjusted. 

The first primary key measure is to avoid optical measurement uncertainties caused by strand surface and 
atmosphere properties. In previous operational experiments, it has been found that due to the presence of 
scale and residues of casting powder on the surface, the average temperature measured by an optical 
pyrometer can be more than 100 °C lower than the actual temperature. If possible, during the experimental 
measurement, it is ideal to use a descaling device. It is necessary to use a pyrometer connected to the device 
for automatic data acquisition. Attention must be paid to the choice of the sensor. It is recommended to 

measure at wavelengths close to 1 m at which steel has high emissivity and high change in the intensity of 
radiation depending on the change in temperature. Emissivity of the steel surface depends on temperature, 
chemical composition and surface properties. 

Another limitation is the absorption of radiation in the atmosphere. Due to the presence of water in gaseous 
and liquid states in the secondary cooling chamber, it is necessary to use a pyrometer with a selective sensor, 
monochromatic or ideally a ratio pyrometer. In the specific case, Raytek Marathon MR1SA and MR1SB ratio 

pyrometers were used, which measure at two wavelengths in the range from 0.75 to 1.1 m. The field of view 
was protected by a tube into which compressed air was blown to remove water mist. 

As the second basic premise, before the experimental measurement, the casting machine and the casting 
process must be in perfect condition. In particular, it is necessary to check the wear of the mould and possibly 
replace with a new one, correct the adjustment of the caster axis, check centring of the submerged entry tube 
towards the mould and uniform distribution of the casting powder. New nozzles should be installed in the 
secondary zone. It is necessary to maintain the specific chemical composition and temperature of the steel 
and to avoid the formation of mixed areas after changing ladles. If all the above measures are not followed, 
mathematical compensation of measurement errors is very uncertain. 
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4. TEMPERATURE DATA PROCESSING 

The first and most important step is to verify the model under steady casting conditions. Verification of transient 
states, as shown in Figure 2, is performed mainly in the case of on-line models. When the model is well tuned 
statically, it usually works properly even during transients. 

4.1. Selection of stable casting time periods and data aggregation 

Periods with constant casting speed and 
chemical composition of steel are to be 
selected for steady verification. It is also 
required to select periods with a constant level 
and temperature of steel and without changing 
the secondary cooling setting. Ideally, the 
steady state should last at least as long as the 
strand movement time from the steel level in 
the mould to the last measuring point plus the 
time it takes to move from the mould to the 
straightening stool because the rigidity of the 
strand causes reaction force feedback into the 
mould. For example, in case of billet caster with 

casting speed of 3 mmin-1 the required time is only about 6 minutes. But in the case of casting the round 

blooms of diameter 550 mm at casting speed of 0.3 mmin-1, the required steady-state time would be more 
than one hour. Such long steady periods are not available. 

If the effect of mechanical bonds is neglected the time is reduced by about half. Then it is advantageous to 
transform the operational data from the form of time series into a set of so called “independent observations” 
where each database record represents a history of casting parameters relevant to the virtual transversal slice 
of the strand during its passage through the casting machine (Figure 3). This significantly reduces the required 
steady-state period. Instead of time, the data are dependent on the cast length of the strand. 

The spacing of the virtual slices is chosen from 1 to 50 mm depending on the casting speed and the data 
sampling period. Each casting parameter has defined “the area of action” which can be either point (see 
quantities 1 and 3 in Figure 3) or interval (quantity 2). Statistical characteristics calculated for each slice and 
“the area of action” are entered into the new database. The process is called "data aggregation" and special 
software has been created for this operation. Database records relevant to a sufficiently long part of the strand 
that was cast under steady state conditions are then selected for further analysis. 

4.2. Data processing of temperature variability 

Even during casting when casting parameters are kept constant, there are stochastic or quasi-periodic 
changes in measured temperature signals. The minimum length of the selected steady state periods must be 
at least several times longer than the longest period of temperature oscillation. Further processing of 
temperature data depends on the causes of temperature changes and is performed in two steps. 

The first step is to find and remove short-term temperature drops caused by the spots of a discontinuous layer 
of oxides and casting powder on the surface as well as local cooling instability. The layer is usually not compact 
due to thermal shocks under cooling nozzles, vibration and deformation of the strand. Cooling instability is 
caused by the Leidenfrost effect. Local rapid surface temperature drops relax quickly and do not penetrate 
deeper, so solidification is not significantly influenced. Therefore, averaging the temperature is not a suitable 
evaluation method. Temperature drops should be removed from the signal by the moving maximum method. 

 

Figure 3 Principle of data aggregation 
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The second step is the treatment of slower changes in surface temperature which are related to the process 
of solidification. These slow oscillations correlate with irregularities in the thickness of the solid shell and the 
internal structure. They may even manifest mini-ingots formation and variation of central segregation. If the 
cause of such changes is known, it can be incorporated into the model. The data are then smoothed by a 
moving average or some more advanced digital filter and the numerical model can be verified dynamically. If 
the cause is not known, the average temperature is calculated and used for model steady verification. 

Figure 4 shows surface temperatures measured in three positions P1, P2 and P3 during the casting of billets 

with stable casting parameters, the average casting speed being 2.9 mmin-1. At position P1 just below the 
mould, there were powder residues and oxides on the surface. The surface at position P2 in the secondary 
zone was clean without oxides, while at position P3 in the tertiary zone there was a discontinuous layer of 
scale on the surface. In Figure 5, moving maximum with time window of 2.4 s, which corresponded to the 
strand length of 116 mm, was applied to the signal measured in the position P3 (the orange curve). Then the 
values were smoothed by moving average with a time window of 4 s (193 mm), see the black curve. For 
comparison, the original measured signal was also smoothed with the same window (the purple curve). 

 
Figure 4 Measured temperatures in positions P1, 

P2 and P3 

 
Figure 5 Temperatures in the position P3 before 

and after data processing 

The procedure of steady state selection and data processing is difficult to automate due to the specific 
conditions of each cast. It is not enough to apply only the mathematical methods without surface observation 
and knowledge of the process. Stable periods can be identified on the basis of deviation of the actual value 
from previous smoothed interval. E.g. in this case, the maximum deviation of the casting speed to meet the 

condition of steadiness was chosen 0.02 mmin-1. 

The choices of the moving maximum window length and the 
smoothing filter parameters depend on the casting speed and 
the condition of the strand surface. Frequency analysis of the 
signal can be helpful. The spectral power density of the 
measured signal from the measuring point P3 depending on 
the oscillation period is shown in Figure 6. Fast oscillations 
with periods shorter than 2 s (corresponds to the length less 

than 0.1 m at casting speed 2.9 mmin-1), which have the 
character of white noise, should be eliminated from the signal 
by the moving maximum. Quasi-periodic oscillations with 
longer periods, e.g. a period of 13 s (length of 0.6 m) or 21 s 
(length of 1 m), which may be associated with a deterministic 
behavior, should be preserved in the data. However, if the 

 
Figure 6 Spectral power density of 

temperature measured in the position P3 
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cause of these oscillations is not known, the model can be verified only statically by the mean value of the 
processed temperature for the entire selected period. 

The statistical distribution of temperature values measured at the position P3 during the selected period without 
data processing was skewed. Therefore, neither the arithmetic mean of 1,047 °C nor the median 1,053 °C 
were usable values. After removing the short-term temperature drops followed by filtration the statistical 
distribution of data approached the normal symmetrical distribution and the arithmetic mean and median were 
equally 1,072 °C. In addition, a hidden oscillation appeared with a period of 31 s. Eliminated short-term 
declines caused by the scale layer and local cooling instability reached up to 120 °C. 

5. CONCLUSION 

Verification of the numerical model of continuously cast strand temperature field according to the measured 
temperatures of the strand surface requires, above all, the correct choice of the sensor which minimizes the 
influence of unknown surface emissivity and absorption of radiation in the atmosphere. An optical ratio 
pyrometer with a protecting tube is the best choice. The casting machine and the casting process must be in 
perfect condition. Nevertheless, further mathematical processing of measured temperatures is necessary. 

Periods with constant casting speed and other key parameters were selected using a special program. This 
was followed by data transformation using the data aggregation procedure. The temperature variability was 
then processed in two steps. The statistical distribution of the measured temperature was skewed. Neither the 
arithmetic mean of 1,047 °C nor the median 1,053 °C were usable values for model verification. The method 
of moving maximum eliminated short-term temperature drops caused by a layer of oxides and residues of 
casting powder on the surface as well as local cooling instabilities. Eliminated short-term declines reached up 
to 120 °C. The slower surface temperature oscillations associated with the solidification process were retained 
in the signal and the data were smoothed by the moving average. After removal the short-term temperature 
drops followed by filtration, the statistical distribution of temperature approached the normal symmetrical 
distribution and a new hidden oscillation with a period of 31 s appeared. The arithmetic mean was equal to the 
median 1,072 °C and was used to verify the steady version of the model. 
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Abstract  

The magnetic properties of polycrystalline samples of isotopically enriched iron with the content of isotope 56Fe 
99.945±0.002 at. % were investigated. The samples of monoisotopic iron were preliminarily melted in the 
environment of argon and annealed in hydrogen. For the sake of comparison the same measurements were 
carried out on the samples of iron with natural isotopic composition. The quantity and composition of impurities 
in the samples of natural and monoisotopic iron were equal. The measurements were conducted by the method 
of vibration magnetometry with the use of the method of automatic vibro-magnetometer VSM-250 (China) 
using IDAW-2000D VSM test software as well as by induction-pulse method with the use of automated 
measuring set МK-3E (the Russia) with automatic processing of the obtained data according to GOST 8.377-
80 and GOST 12119.1-98. It was found that the value of saturation intensity Js in 56Fe is by 4.6% higher than 
in natFe. There is actually no difference in saturation intensity Bs of monoisotopic 56Fe and natural iron within 
the error in limits of detection of analysis. The difference in the values of coercitive force Нс, residual magnetic 
induction Br and maximum magnetic permittivity µmax in natural iron and 56Fe can be explained by the difference 
in structure and content of impurities in the studied samples. 

Keywords: Monoisotopic 56Fe, natural iron, phase composition, microstructure, magnetic properties 

1. INTRODUCTION 

Natural iron contains 4 stable isotopes: 54Fe, 56Fe, 57Fe, 58Fe in the ratio 5.845; 91.754; 2.119; 0.282 at.%, 
respectively [1,2]. The magnetic properties of natural iron are sufficiently well studied [3-5]. In contrary, the 
magnetic properties of separate isotopes of iron in the form of simple substance are less studied. The reliable 
data on this are not available. At the same time, this issue is important both for basic science and for practice.  
The magnetic properties that natural iron provides in technology can no longer be increased. Can individual 
isotopes of iron have magnetic properties higher than that of natural iron? To answer this question, it is 
necessary to study the magnetic properties of individual iron isotopes in comparison with the magnetic 
properties of natural iron. The aim of this work is to study the magnetic properties of isotopically enriched 56Fe. 

2. PREPARATION AND CHARACTERIZATION OF SAMPLES 

Monoisotopic iron in the powder form, obtained from iron pentacarbonyl Fe(CO)5, enriched with 56Fe isotope 
by gas centrifugation, was used for the study. The isotopic composition of monoisotopic 56Fe was determined 
by ICP-MS (mass spectrometry with ionization in inductively coupled plasma). The results of the analysis are 
shown in Table 1. 
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Table 1 Isotopic composition of monoisotopic and natural iron, at% 

Isotope 54Fe 56Fe 57Fe 58Fe 

natFe 5.845 91.754 2.119 0.282 

56Fe 0.004±0.001 99.945±0.002 0.040±0.001 0.011±0.004 

As the object of comparison, we used natural polyisotopic powder carbonyl iron produced by “Sintez-PKZh” 
LLC (Dzerzhinsk, Nizhny Novgorod Region) reduced in hydrogen. Further in the text of this paper the iron with 
natural isotopic composition will be denoted by natFe. The content of impurities in natFe and 56Fe was determined 
by laser mass spectrometry using an EMAL-2 device (USSR). The results of the analysis are shown in Table 2. 

Table 2 The results of the analysis of the content of impurities in the source natFe and 56Fe, wt%. 

Impurity 
Studied material 

Impurity 
Studied material 

natFe 56Fe natFe 56Fe 

С 4∙10-2 <5∙10-3 Ca 3∙10-3 1∙10-3 

N 2∙10-3 <7∙10-4 Ti 1∙10-4 4∙10-4 

O 0.1 2∙10-2 Cr 1∙10-4 5∙10-4 

F 1∙10-3 <2∙10-4 Mn 1∙10-4 <2∙10-4 

Na 1∙10-4 2∙10-4 Co 5∙10-5 <5∙10-5 

Mg 1∙10-4 1∙10-4 Ni 2∙10-2 1∙10-4 

Al 2∙10-3 2∙10-3 Cu 6∙10-4 0.1 

Si 2∙10-4 5∙10-3 Zn 3∙10-3 <2∙10-3 

P 4∙10-3 3∙10-3 As <2∙10-4 <7∙10-5 

S 2∙10-3 <3∙10-3 Se 2∙10-3 <2∙10-4 

From natFe and 56Fe powders the tablets with diameter of 10 mm and thickness of 5 mm were pressed.  
All tablets had a density of 5.6 g/cm3. The natFe and 56Fe tablets were remelted in S-3443 vacuum electric arc 
furnace manufactured by the GIRedMet Experimental Plant (Russia). The furnace had a copper furnace seat 
and a tungsten consumable electrode. Melting was carried out in an argon atmosphere of technical purity  
at an overpressure of 0.1 atm. Before melting, the getter was burned in the melting chamber in the form  
of titanium. The getter was burned to purify argon from impurities of oxygen, nitrogen, carbon dioxide,  
and water vapor. The obtained ingots had a rounded shape. Samples in the form of a parallelepiped  
with dimensions 1.3 x 1.3 x 3.5 mm were made from ingots by electroerosion cutting for measuring magnetic 
properties by vibration magnetometry. Ring samples with an outer diameter of D = 15 mm, an inner diameter 
of d = 11.5 mm and height of h = 4.0 mm are made to determine the magnetic properties of the induction-pulse 
method in quasi-static and dynamic modes. The ratio D/d = 1.3 in accordance with GOST 8.377-80 and GOST 
12119.1-96 when determining the magnetic characteristics of materials. The prepared samples were annealed 
in the flow of dry hydrogen of grade “B” (purity of 99.9999 %) at a temperature of 1100°C for 12 hours after 
which they were analyzed for impurities. The mass control of the samples before and after annealing  
in hydrogen was performed using Sartorius Analytic A200S electronic balance with a measurement error  
of ± 0.0001 mg. The impurity content before and after annealing in hydrogen was determined by laser mass 
spectrometry. After that the magnetic properties were measured in natFe and 56Fe samples.  

3. MEASUREMENT OF THE MAGNETIC PROPERTIES OF SAMPLES 

Before starting the measurements, the density value of the material of the measured sample was 
experimentally determined [6-9] as well as their phase composition. The analysis was carried out on X-ray 
diffractometer D8 Advance of Brucker AXS Company (Germany) in KαCu radiation. The data obtained were 
processed in the TOPAS program. Metallographic studies were performed using Raztec MRX9-D optical 
microscope (Russia).  
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To measure the magnetic properties, we used the VSM-250 automated induction vibro-magnetometer (China) 
with data processing by IDAW-200D VSM test software and the MK-3E automated measuring complex 
(Russia) to perform measurements in quasi-static and dynamic modes in accordance with GOST 8.377-80 
and GOST 12119.1-98. Measurements on a vibro-magnetometer were carried out at room temperature and a 
maximum magnetic field strength of 1538 kA/m (~1.9 TL). Using the constructed hysteresis curves, we judged 
the saturation magnetization (Js) of the measured object. When conducting studies using the MK-3E measuring 
complex in the quasi-static and dynamic measurement modes, the maximum magnetic field strength was 800 
A/m (0.001 TL). The values of coercive force (Hc), residual magnetic induction (Br), saturation induction (Bs), 
the maximum magnetic permeability (μmax), rectangularity coefficient of the hysteresis loop (Ks) and 
magnetization reversal loss (P) were determined. The relative error of measurements at confidence coefficient 
of 0.95 was equal to Hc - ±2 %, Br - ±2 %, Bs - ±2 %, μmax - ±5 %. The relative measurement error of the points 
of the magnetic hysteresis loop and the main magnetization curve by induction is ± 1.5 %, by magnetic field 
strength ± 2 %.  

4. RESULTS AND DISCUSSION 

The results of the analysis of the isotopic and impurity compositions of the initial natFe and 56Fe powders are 
shown in Tables 1 and 2. From Table 1 it is seen that the isotopically enriched 56Fe powder is almost 
monoisotopic. The total content of 54Fe, 57Fe and 58Fe isotopes in it is approximately 0.055 at. %. The impurity 
composition of natFe and 56Fe samples prepared for measuring magnetic properties before and after their 
annealing in hydrogen is given in Table 3. All samples were made by the method of electroerosion cutting of 
ingots obtained in electric arc furnace.  

Table 3 Impurity composition of ring samples of natFe and 56Fe before and after their annealing in hydrogen 

Element 
Content of impurities in natFe, wt% Content of impurities in 56Fe, wt% 

Before annealing After annealing Before annealing After annealing 

C ≤ 5∙10-2 8∙10-3(1∙10-2) 0.2 (>20) 1∙10-2(0,7) 

N ≤ 1∙10-2 - ≤ 4∙10-2 - 

O 0.3 0.2(2.2) 2 0.1(3.5) 

Na < 1∙10-4 <1∙10-4 4∙10-3 (1∙10-1) 1∙10-4 

Mg 2∙10-4 <4∙10-4 2∙10-4 6∙10-4 

Al - 2∙10-4 - 2∙10-3(2∙10-2) 

Si 0.5 3∙10-3 0.2 (2) 5∙10-2(0.3) 

P 4∙10-2 1∙10-2(3∙10-2) 1∙10-3 7∙10-4(8∙10-3) 

S - 1∙10-3(3∙10-2) - 1∙10-3(3∙10-2) 

Cl 2∙10-4 <3∙10-4 1∙10-3 - (2∙10-2) 

K < 1∙10-4 <1∙10-3 1∙10-3 <1∙10-3 

Ca 3∙10-4 7∙10-3(8∙10-2) 2∙10-3 1∙10-2(6∙10-2) 

Ti < 4∙10-4 <2∙10-4 < 4∙10-4 2∙10-3 

Cr 1∙10-3 <1∙10-3 1∙10-3 1∙10-3(4∙10-2) 

Mn < 2∙10-4 <1∙10-3 < 2∙10-4 <1∙10-3 

Co < 1∙10-4 8∙10-4 < 1∙10-4 <5∙10-4 

Ni 5∙10-2 6∙10-2 <3∙10-4 3∙10-3 

Cu 5∙10-3 1.3(0.9) 5.3 (7.9) 1.5(1.0) 

Zn 5∙10-3 <1∙10-3 0.8 (3.0) 2∙10-3 

Note to Table 3: the content of impurities on the surface of the sample is indicated in parentheses.  
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It can be seen from Table 3 that before annealing in hydrogen the content of carbon, nitrogen, and especially 
oxygen in 56Fe samples was noticeably higher than in natFe samples. After annealing in hydrogen, the content 
of impurities in the samples decreased and leveled off. Differences in the content of impurities between natFe 
and 56Fe persisted but became comparable. Thus, before annealing in hydrogen natFe contained less than 
5∙10-2 % of carbon and 56Fe contained 0.2% of carbon. After annealing in hydrogen the content of carbon in 
both samples decreased: in natFe sample down to 8∙10-3 % and in 56Fe sample down to 1·10-2 %. The content 
of oxygen in natFe before annealing in hydrogen was 0.3% and in 56Fe 2 %, respectively. After annealing in 
hydrogen, the oxygen content in natFe remained virtually unchanged while in 56Fe it decreased to 0.1 %. Before 
annealing in hydrogen, the silicon content in natFe was 0.5% and in 56Fe it was 0.2 %. After annealing in 
hydrogen the content of silicon in natFe decreased down to 3∙10-3 % and in 56Fe down to 5∙10-2 %, respectively.  

Phase analysis of the annealed natFe and 56Fe samples was carried out under identical conditions at room 
temperature and atmospheric pressure. The diffraction patterns are shown in Figure 1.  

 
a                                                                b 

Figure 1 Diffraction patterns of the samples of natFe (a) and 56Fe (b) 

As a result of interpretation of diffraction patterns it was found that natFe sample is completely composed  
of α-Fe crystals. A part of these crystals (~20 %) has a lattice parameter a = 0.2872 nm, another part (~80 %) 
has a parameter a = 0.2850 nm. 56Fe sample actually completely consists of α-Fe crystals with a lattice 
constant а = 0.2868 nm but contains a small amount of impurities of CaO and Fe3O4 (approximately 1 %  
of each). It was also established that in both samples there is a crystalline texture: in the natFe sample  
along the crystallographic direction {112}, in the 56Fe sample along the crystallographic direction {110}.  
Thus, the phase compositions of natFe and 56Fe samples differ little from each other. Some differences exist 
only in the predominant crystallographic orientation of the crystals.  

 
a                                                                  b 

Figure 2 Microstructure of etched section in samples (a) natFe and (b) 56Fe. Optical metallography 
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Metallographic studies showed that natFe and 56Fe samples had differences in the parameters of the 
macrostructure. The grain size of natFe sample is more than by 2 times exceeds the grain size of 56Fe sample. 
Figure 2 shows the macrostructure of the etched samples of natFe and 56Fe.  

The results of measuring the magnetic properties of samples natFe and 56Fe annealed in hydrogen on VSM-
250 magnetometer are shown in Figure 3. 

 
a                                                                                       b 

Figure 3 Field dependencies of specific magnetization of hydrogen annealed samples natFe (a) and 56Fe (b) 
annealed in hydrogen 

As it is seen from Figure 3, the saturation specific magnetization value, σs, is slightly lower in natFe than in 
56Fe, despite the presence of isotope 57Fe in natural iron which has a nuclear spin. For natFe the value σs = 207 
А·m3/kg and for 56Fe the value σs = 216.5 А·m3/kg. Correspondingly, the saturation magnetization value, Js, 
which is defined as Js = σs·q, where q is the material density of the measured sample, is also lower in natFe 
than in 56Fe. The density of iron is 7.87 g/cm3 [5]. Then the Js value, calculated by the above formula for natFe, 
will be 1629090 A/m or 2.05 T and for 56Fe it is 1703855 A/m or 2.14 T. It is seen that the difference in values 
for both σs and Js in natFe and 56Fe is ~ 4.6 %. Thus, according to vibration magnetometry data, the saturation 
magnetization value of Js in 56Fe is by 4.6 % higher (more) than in natFe. 

The results of quasi-static and dynamic hysteresis magnetic properties of ring samples natFe and 56Fe after 
annealing are given in Table 4. 

Table 4 Results of measuring the quasi-static and dynamic hysteresis magnetic properties of ring samples  
   natFe and 56Fe after their annealing in hydrogen 

Sample 
material and 

mode of 
measurement 

Magnetic properties  

Coercive 
force, Hc, 

А/m 

Rectangularity 
coefficient of 

hysteresis 
loop, Кr 

Residual 
magnetic 
induction, 

Вr, Т 

Saturation 
induction, 

Bs, Т 

Maximum 
magnetic 

permeability, 
μmax 

Losses during 
re-

magnetization, 
Psp, W/kg 

Q
ua

si
-

st
at

ic
 

natFe 114.0±2.3 0.88 0.83±0.02 0.95±0.02 2644±132 - 

56Fe 124.5±2.5 0.92 0.88±0.02 0.95±0.02 2487±124 - 

D
yn

a-
m

ic
 natFe 2021±40 0.80 1.28±0.03 1.6±0.03 2170±108 83.68 

56Fe 1846±37 0.79 1.28±0.03 1.61±0.03 1787±89 76.3 

As can be seen from Table 4, in the quasi-static mode of measuring the magnetic properties of both samples 
have the same saturation induction value Bs. This indicates that the fundamental magnetic properties of natFe 
and 56Fe, independent of the sample structure, are the same. 
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The increased coercive force (Hc) in sample 56Fe, compared to natFe, can be explained by the differences in 
grain sizes of these samples. Sample 56Fe has a smaller grain size and, therefore, has a larger coercive force. 
This relationship between grain size and coercive force is well known in physical metallurgical science [3,4,10]. 

The increased value of the residual induction of Br in sample 56Fe compared to natFe appears to be due to the 
presence of a more pronounced crystalline texture in sample 56Fe. This is evidenced by a higher value of the 
rectangularity coefficient of hysteresis loop Кr in sample 56Fe as compared to sample natFe. 

The higher µmax value in natFe, compared to 56Fe, is probably due to the larger grain size and lower impurities 
content in this sample (in natFe), primarily of carbon. 

During measurement of magnetic properties in the dynamic mode at frequency 50 Hz the values of induction 
of saturation Вs and residual magnetic induction Вr as well as the values of rectangularity coefficients of loops 
of hysteresis Кr in investigated samples are actually equal. The values of the coercive force Hc, maximum 
magnetic permeability µmax, and specific losses during re-magnetization of Рsp are higher in natFe than in 56Fe: 
Hc by 9.5 %; µmax by 21 %; Рsp by 9.7 %. 

Table 4 shows that in the quasi-static method of measuring magnetic properties, the coercive force Hc in 56Fe 
is by ~9.2 % higher than in natFe. In the dynamic measurement method, on the contrary, Hc in 56Fe is by ~9.5 
% less than in natFe sample, respectively. This seems to be due to the fact that in the quasi-static measurement 
method, when the increase in magnetization field strength occurs relatively slowly, the grain size of the 
measured sample is of greater importance in the process of magnetization and re-magnetization. In the 
dynamic measurement method, when the direction of magnetization field changes rapidly (at 50 Hz), impurities 
(primarily oxygen) have a greater effect on the magnetization process. These impurities and their compounds 
complicate the processes of re-magnetization of the material of the sample reversal of magnetization domains 
with rapid change in the direction of magnetic field. The same seems to explain the higher value of Psp (specific 
losses during magnetization) in natFe sample as compared to 56Fe [10]. 

5. CONCLUSION 

The measured fundamental magnetic properties of natural (natFe) and monoisotopic (56Fe) iron are almost the 
same. The excess of saturation magnetization in 56Fe compared to natFe is 4.6 %. Small differences in 
saturation induction values, Bs, are within the limits of the measurement error and are not significant values. 

Differences in the values of coercive force (Hc), residual magnetic induction (Br), maximum magnetic 
permeability (µmax) as well as the rectangularity coefficient of hysteresis loop (Кr) in samples natFe and 56Fe are 
due to differences in the purity of these samples with respect to impurities and differences in their crystalline 
structure. The absence of a noticeable contribution to the saturation magnetization of natural iron samples 
from isotope 57Fe, which has a nuclear spin, may be associated with a small magnetic moment of the latter in 
comparison with the magnetic moments of the electron shells of iron atoms. 

Replacing natFe for 56Fe is unlikely to result in a significant change in the physical, technical and functional 
properties of iron and its alloys. This question, however, requires experimental confirmation while measuring 
the samples with higher chemical purity. 
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Abstract 

Traditional routes of ironmaking and steelmaking processes demand high-temperature preparatory steps, such 
as coking and sintering. These processes are of great concern since they represent a considerable 
environmental burden. As an alternative, carbon-containing iron oxides agglomerates (sinters) can be used. 
In this work, the assessment of thermoplastic properties of prepared sinters, especially the determination of 
softening and liquidus temperatures, was performed by two methods: optical and spindle drop method. For the 
first-mentioned method, high-temperature observation furnace CLASIC was employed, which enables 
observation of changes in specimen shape depending on temperature. While in the case of the second 
method, Furnace Rheometer System FRS 1600 was used. This system allows measuring changes of spindle 
height as a function of temperature when different normal forces, in specific 3 and 20 N, are applied. Besides, 
analyzed sinters were of different grain sizes and contained approximately 59 wt.% of iron and 7.2 wt.% of 
iron(II) oxide. The samples were measured up to liquidus temperature at various heating rates in an inert 
atmosphere of argon gas. In summary, a good agreement between phase transformation temperatures 
measured by both methods was achieved, and the influence of experimental conditions on these temperatures 
was confirmed. 

Keywords: Agglomerate, thermoplastic properties, softening temperature, melting 

1. INTRODUCTION 

Within ironmaking and steelmaking processes, one of the most critical areas throughout a blast furnace is the 
cohesive zone. In this region, ore sinters begin to soften and consequently melt by further heating and 
reduction. This zone is hardly porous, and the gas can only flow through coke lumps [1,2]. Its shape, thickness 
and position significantly affect furnace productivity and fuel efficiency. The temperature properties of iron ore 
burden are essential, given the creation of blast furnace melting-softening zone [3,4]. Usually, consideration is 
being given to the softening starting temperature, softening finishing temperature and melting temperature 
which are defined as the temperature at which burden pressure drop is about 1 kPa or burden contraction 
reaches 4 - 10 %, as the temperature whereupon pressure drop falls down to 0.5 kPa or contraction attains 
40 %, and as the temperature when pressure drop progresses significantly [3,5]. 

The study and knowledge of these characteristics are of great importance. The softening and melting behavior 
of blast furnace raw materials has been studied intensively for over five decades. During that period, various 
methodology approaches emerged, enabling either routine testing or more sophisticated testing of blast 
furnace burden materials concerning cohesive zone. Typically, the ferrous burden, together with coke, is 
placed in a graphite crucible and then into the vertically oriented furnace. The samples are heated under 
desired regimes while pressure drop throughout the burden is registered depending on temperature [5,6].  
A similar experimental setup was used by Kaushik [7], where, instead of measurement of pressure, changes 
in sample shape were visualized using X-ray fluoroscopy. Ślęzak et al. used a high-temperature rheometer, 
which is intended primarily for testing rheological parameters, to determine softening temperatures by 
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measuring changes in sample height as a function of temperature [8]. An alternative approach enabling 
observation of sample silhouettes during heating is the use of a heating microscope. In this case, temperatures 
of concern can be determined, for instance, under German standard 51730, where three characteristic stages 
of the sample are mentioned, i.e., softening temperature (implying the start of plastic deformation), 
hemispherical temperature (denoting liquidus temperature), and flow temperature (signifying mobility of liquid) 
[9]. 

In this work, thermoplastic properties of iron ore sinters were assessed by two methods, i.e., optical and spindle 
drop method. Furthermore, temperatures of softening and melting were investigated under different 
experimental conditions and depending on the grain size of the sample. 

2. EXPERIMENTAL RESEARCH 

2.1. Samples characterization  

Agglomerate samples of different grain sizes were selected for experimental determination of thermoplastic 
properties, in particular softening and melting temperatures. Sample 1 was powder agglomerate, and sample 
2 was agglomerate with a particle size of 3-5 mm. The chemical composition of samples is listed in Table 1. 

Table 1 Chemical composition of sinters (wt.%) 

Sample Fe FeO SiO2 Al2O3 Mn CaO MgO 

1 58.80 7.29 7.47 1.24 0.39 6.38 1.07 

2 59.20 7.15 6.27 1.23 0.41 6.75 1.20 

Sample P2O5 Cr2O3 Zn K2O S Na2O Basicity* 

1 0.08 0.03 0.01 0.09 0.01 0.09 0.86 

2 0.10 0.02 0.01 0.09 0.01 0.09 1.06 
* Calculated according to the formula: Basicity = (ω(CaO)+ ω(MgO))/(ω(SiO2)+ω(Al2O3)), where: ω is the mass fraction of 
the given component (wt. %). 

2.2. Measurement of thermoplastic properties 

The thermoplastic properties of agglomerate samples were investigated by two experimental methods, i.e., 
optical and spindle drop method. Within the first experimental method, tested agglomerate samples were 
observed during heating. Subsequently, registered changes in shape were evaluated. 

Experimental measurement of melting and softening temperature was performed in a resistance observation 
furnace Clasic enabling measurement in a low vacuum of < 8·10-3 mbar [10]. Agglomerate samples were 
placed in the furnace, which was then hermetically sealed, evacuated to approximately 0.1 Pa and flushed 
with argon gas (> 99.9999%). The heating rate was 5 °C·min-1, and the temperature was measured by a 
thermocouple Pt - 13% Rh / Pt. Experiments were carried out under an inert atmosphere of argon to prevent 
oxidation of the sample during measurement. The images of shape changes were captured by a camera 
CANON EOS20D and saved in the PC. 

The second experimental method was performed using Anton Paar FRS 1600 high-temperature viscometer. 

This device consists of a laboratory furnace and measuring air bearing head DSR 301. This device allows, 

amongst other things, measurement of spindle height as a function of temperature and a load of the sample 

surface with different magnitudes of the normal force. In the case of measuring the softening and melting 

temperatures, the normal forces were of 3 and 20 N. The measuring system consists of a graphite spindle 

mounted on a long ceramic shaft connected to the rheometer head, and of a graphite crucible, which is fixed 

to the lower ceramic shaft. Further, the viscometer allows measurement up to temperatures of 1,550 °C, which 
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are registered by a Pt-13%Rh/Pt thermocouple. The agglomerate sample was placed in a graphite crucible 

and inserted into the furnace with it. In order to avoid oxidation of the sample, the argon (purity> 99.9999%) 

was used at a flow rate of 150 l/h. Since the effect of heating rate on temperatures in question was also tested, 

two heating ramps were chosen (see Table 2). 

Table 2 Temperature regimes of sample heating 

Temperature regime 1 Temperature regime 2 

Temperature interval (°C) Heating rate (°C·min-1) Temperature interval (°C) Heating rate (°C·min-1) 

25 - 1,000 10 25 - 1,050 15 

1,000 - 1,400 2 1,050 - 1,300 2 

  1,300 - 1,420 1 

3. RESULTS AND DISCUSSION 

3.1. Method consisting of optical observation of the sample 

Samples of the sinter were observed during heating, and the images taken at specific temperatures were 

evaluated. Emphasis was placed mainly on changes in the shape. Figure 1 shows the percentage reduction 

in the area of sample 1 as a function of temperature. The temperature when the sample shape began to deform 

was considered as the softening temperature, which was for this sample 1,140 °C. As for the liquidus 

temperature, this temperature could not be determined due to significant interaction between the agglomerate 

sample and the graphite substrate at temperatures above 1,220 °C (detail of Figure 2). Besides, for sample 2, 

the given method was not appropriate since agglomerate grains with a size of 3-5 mm did not hold any shape 

after pelleting. 

 

Figure 1 Dependence of sample 1 silhouettes on 
temperature 

 

Figure 2 Silhouettes of sample 1 during heating 
Colors correspond to the highlighted points in 

Figure 1. Inlay denotes the interaction between 
sample and graphite substrate 
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3.2. Method based on rheological measurements 

Within the given method, various experimental conditions and their influence on softening and melting 
temperatures were tested. Figure 3 shows the percentage decrease of the spindle acting on the upper surface 
of sample 1 when the normal force of 3 N was applied depending on temperature. Particular curves were 
obtained under different temperature regimes of heating (see Table 2). The figure further provides temperature 
dependence of normal force and its decline to zero values pointing to liquidus temperature. Softening starting 
and finishing temperature was determined in two ways: either graphically by tangent method or numerically in 
accordance with Polish standard (BN-85/0604-16) specifying softening starting temperature as a temperature 
when sample height drops by 1 %, whereas the decline by 40 % corresponds to softening finishing 
temperature. 

 

Figure 3 Effect of the temperature regime on softening 
and liquidus temperature (sample 1) 

Table 3 Softening and liquidus temperatures at  
             different temperature regimes 

Temperature 
Temperature regime 

1 2 

Softening starting 

temperature* 
1,156 °C 1,150 °C 

Softening starting 

temperature** 
1,158 °C 1,157 °C 

Softening finishing 

temperature* 
1,331 °C 1,306 °C 

Liquidus temperature 1,370 °C 1,348 °C 

* according to Polish standard ** determined by tangent  
  method 

 
In summary, both temperatures (softening and liquidus temperature) were shifted to higher values as the 
heating rate increased. Such a phenomenon has been documented elsewhere, e.g., in paper [11], where 
authors provided an approximation to equilibrium conditions to compensate this behavior. A comparison of the 
given temperatures is listed in Table 3. 

 

Figure 4 Assessment of the influence of normal force 
on liquidus and softening temperature (sample 1) 

Table 4 Softening and liquidus temperatures at  
             various applied normal forces 

Temperature 
Applied normal force 

3 N 20 N 

Softening starting 

temperature* 
1,150 °C 1,140 °C 

Softening starting 

temperature** 
1,157 °C 1,145 °C 

Softening finishing 

temperature* 
1,306 °C 1,264 °C 

Liquidus temperature 1,348 °C 1,348 °C 

* according to Polish standard ** determined by tangent 
method 
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A comparison of the influence of normal forces (3 N and 20 N), acting through the spindle on sample 1, on the 
investigated temperatures can be seen in Figure 4. It is clear from this figure that increasing the value of the 
normal force leads to a decrease in the starting softening temperature by about 10 °C, and to a decline in the 
finishing softening temperature by approximately 42 °C. The liquidus temperature of a given sample was not 
affected by the change in the values of normal forces. This was confirmed by the course of normal forces as 
a function of temperature. Given temperatures are compared in Table 4. 

The effect of different sinter particle sizes is shown in Figure 5. The given temperature dependencies were 
obtained when a load of 20 N was applied to samples 1 and 2 under heating regime 2. It is clear from the figure 
that starting and finishing softening temperatures of sample 1, i.e., the sinter in the powder state, are larger 
than those of sample 2, i.e., the sinter with a grain size of 3-5 mm. The softening onset temperature increased 
by about 45 °C, whereas the softening end temperature by less than 20 °C. Besides, the sinter particle size 
also slightly affected the liquidus temperature. In the case of sample 2, the temperature was 11 °C higher than 
in sample 1. These temperatures are noted in Table 5. 

 

Figure 5 Influence of particle size on liquidus and 
softening temperature 

Table 5 Softening and liquidus temperatures at  
             varying particle sizes 

Temperature 
Particle size 

Powder 3 - 5 mm 

Softening starting 

temperature* 
1,140 °C 1,094 °C 

Softening starting 

temperature** 
1,145 °C 1,104 °C 

Softening finishing 

temperature* 
1,264 °C 1,245 °C 

Liquidus temperature 1,348 °C 1,359 °C 

* according to Polish standard ** determined by tangent  
  method 

4. CONCLUSION 

In this work, two experimental methods for determining the softening and liquidus temperatures of selected 
agglomerate samples were evaluated. The first method is based on optical observation of the change in 
sample shape during heating, while the second method takes advantage of the possibilities of rheological 
measurement. The results can be summarized as follows: 

 By the optical method, it was possible to determine only the initial deformation temperature (starting 
softening temperature) of the examined sample. The finishing softening temperature and liquidus 
temperature could not be determined by this method owing to strong interaction on the sinter/graphite 
substrate interface; 

 The influence of experimental conditions (heating rate, normal force, and sample grain size) on the 
resulting values of starting and finishing softening temperatures and liquidus temperature was 
investigated using rheological measurements; 

 It was disclosed that a larger heating rate shifts the mentioned temperatures towards higher values; 
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 Loading the sample with a higher normal force leads to a shift of softening temperatures to lower values. 
Nevertheless, the magnitude of the load does not affect the liquidus temperature of the examined 
samples; 

 The effect of the sinter grain size on the values of the investigated temperatures was also confirmed. 
Regarding the sinter with a grain size of 3-5 mm, starting and finishing softening temperatures were 
lower than in the case of the sinter in the powder state. On the other hand, the liquidus temperature was 
11 °C higher for coarse agglomerate particles. 
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Abstract 

Blast furnace slag is generated as a by-product of the metallurgical industry and can be called “multifunctional 
waste”. It can be used in the building industry, reused in production or landfilled. Recovery of waste brings 
both economical and ecological benefits. Granulated blast furnace slag (GBFS) has a variable chemical 
composition and belongs to the group of so-called latent hydraulic materials. Alkaline activation (AA) is followed 
by the formation of CSH phases, which are an effective product of chemical processes in the mixture. GBFS 
is commonly activated by a liquid activator. This experiment focused on alkaline activation of GBFS with the 
use of liquid (water glass) and with a solid alkaline activator (Na2SiO3) with treatment silicate modulus Ms = 1. 
GBFS was characterized by X-ray powder diffraction (XRD), X-ray fluorescence spectroscopy (XRF), 
granulometry (PSD), thermogravimetric analysis (TG) and differential thermal analysis (DTA). The samples 
were evaluated in terms of their compressive strength and bulk density after 2, 7 and 28 days of hydration. 
Annealing loss and bulk density of original GBFS were determined at ∆100, ∆200 and ∆300°C. 

Keywords: Metallurgy, slag, alkali activation, hydration 

1. INTRODUCTION 

Based on data about steel production released by the World Steel Association (WSA), steel production in 2019 
was 1,870 Tg worldwide, China accounting for 996M and the Middle East 45.3 Tg [1]. Iron and steel production 
bring about large quantities of waste of different chemical composition. Around 50 % of metallurgical waste 
worldwide is recycled and part of these products is suitable for the construction industry. There is growing 
interest in the secondary important product slag, which is a by-product of iron and steel production. The value 
of slag has increased dramatically. Slag producers want a larger share of this value, so that prices have also 
increased accordingly. This by-product is widely used as supplementary cement based material (SCM) in the 
production of cement and concrete because of its latent hydraulic properties and certain pozzolanic properties 
[2,3]. 4.1 billion metric tons of cement were produced worldwide and 88.5 million metric tons were produced 
in the US in 2019 [4]. Nowadays, countries around the world are starting to produce non-clinker components 
in cement (some of the emirates in the UAE now stipulate at least 60 % fly ash or slag in cement). Several 
alternatives such as alkali-activated cement, calcium sulphoaluminate cement, magnesium oxy carbonate 
cement (carbon negative cement), supersulphated cement etc. are being made with the advantages of 
Portland cement [5]. After the closure of coal-fueled power stations, particularly in the US and EU, fly ash 
supplies are effectively reducing: slag is the next 'go-to'. Around 75 % of globally-produced blast furnace slag 
(BFS) is granulated, creating around 250 Tg of GBFS, for example 150 Tg in China, 30 Tg in Japan and 70 Tg 
in the world. GGBS is very fine, forming glassy texture. It has the potentional to partially replace cement. Their 
use of 40 % in concrete reduces CO2 emissions by about 22 % because it is produced from granulated blast 
furnace slag as opposed to clinkering process in cement, thus greatly reducing CO2 release [6], [7].The addition 
of GGBS in cement improves the pore structure of cement paste, reduces its permeability and increases sulfate 
attack resistance, workability and compressive strength in concrete. This makes it possible to obtain better-
performing long-life mortar products. Generally, GBFS contains considerable amounts of SiO2 and CaO, which 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

100 

makes it pozzolanic with cementing characteristic [8, 9]. The alkali-activated cement is classified based on 
phase composition of the hydration products: R-A-S-H (R = Na+ or K+) in the aluminosilicate based systems 
and R-C-A-S-H in the alkali-activated slag or Portland cements [10]. The alkaline activators can be sodium 
hydroxide (NaOH), potassium hydroxide (KOH), sodium silicate (Na2SiO3) and potassium silicate (K2SiO3) for 
the activation of aluminosilicate materials. The slag-based geopolymer is considered to have high early 
strength and greater acid resistance [11]. The basic idea of this work is the possible use two types different 
alkali activator for preparing non cement binder, where original raw materials used granulated blast furnace 
slag from metallurgy production. At prepared samples were tested compressive strength and bulk density after 
2, 7 and 28 days. Further was describes hydration process of prepared samples.  

2. MATERIALS 

The original material, granulated blast furnace slag (GBFS), was produced by Liberty Ostrava a.s. The GBFS 
was milled in the company Kotouč Štramberk, LB Cemix, s.r.o. Blaine fineness of slag is 380 m2.kg-1. Two 
types of activators were used for slag activation: sodium water glass (NaOH) (KITTFORT Praha s.r.o.) and 
solid Na2SiO3 (PENTA s.r.o). Adjusted silicate modulus was Ms = 1. The composition of mixtures MX-L and 
MX-S (see Table 1). Mixtures amount of 100 wt.% GBFS with two different types of alkali activator and different 
percentages of distilled water. It is important that all particles are in contact with the alkali activator. The 
mixtures were homogenized in a ball mill during 20 minutes. Size of the prepared samples was 20 x 20 x 20 
mm and the samples were hydrated for 24 hours in a hydration vacuum box at room temperature. After 24 
hours, samples were removed from the form and the hydration process continued for several more days. 

Table 1 Composition of prepared mixtures 

Mixtures 
Type of 
alkali 

activator 

Amount of 
GBFS (g) 

Ratio  

Na2O (%) 

Amount of alkali 

activators 
Water for activator 

liquid (ml) solid (g) liquid (ml) solid (g) 

MX-L liquid 300 5 59.7 - 33.4 - 

MX-S solid 300 5 - 28.9 - 90 

3. CHARACTERIZATION METHODS 

GBFS chemical composition was determined using energy dispersive fluorescence spectrometer SPECTRO 
XEPOS equipped with 50 Watt Pd X-ray tube (Spectro). Phase composition of the sample was characterized 
using a Bruker D8 Advance x-ray powder diffractometer (Bruker AXS). The characterization of the thermal 
behavior of the GBFS was performed on TG/DCS analyzer STA504 (TA Instruments). The sample of scale 
placed in an aluminum crucible was analyzed for temperatures ranging from 21 °C to 1,100 °C in a dynamic 

atmosphere of N2 (5 lh-1), the heating rate was 10 Kmin-1. Homogenization of the raw materials was performed 
using ball mill (Brio Hranice s.r.o.). Particle size distribution (PSD) of the scale was analyzed on the equipment 
Mastersizer (Malvern Panalytical Ltd., Malvern, UK). Specific surface areas were measured using Sorptomatic 
1990 (Thermo Fisher Scientific, USA), employing the BET methodology. 

4. RESULT AND DISCCUSION 

The main phase of XRD record presented quartz SiO2, merwinite Ca3Mg(SiO4)2 and akermanite Ca2MgSi2O7. 
Chemical composition of GBFS is presented in Table 2. The majority components of GBFS are CaO 56.96 % 
and SiO2 with 21.45 % and Al2O3 with 5.58 %. Main oxides account for about 84 wt.%. It is possible to 
recalculate the content of CaO, SiO2, and Al2O3 to theoretical basis 100 % of this slag in the ternary phase 
diagram of CaO-SiO-Al2O3. The position of points corresponds to slag composition and with equilibrium phase 
association of three minerals (C, S, A). In Figure 1 the area of composition of GBFS is marked. The amount 
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of CaO is higher than that of SiO2. Slag has a low viscosity. Rapid cooling of slag support formed glass. Glass 
form is predestined for latent hydration of slag. 

Table 2 Chemical composition of granulated blast furnace slag 

Chemical 
composition 

Na2O MgO Al2O3 SiO2 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 LOI 

(wt.%) 0.19 6.56 5.58 25.45 1.77 0.03 0.56 56.96 0.50 0.04 0.98 0.61 0.58 

Hydraulic reactivity of slag depends on chemical composition, glass phase percentage, particle size and 
morphology. Slag is a latent hydraulic material, without alkali activator it is not reactive with water and hydration 
process is very slow. One of the most important characteristics of slag composition for use in binders is the 
ratio between CaO and SiO2 content. Hydraulic activity is defined by the percentage of the main oxides in 
materials and by modulus. Modulus of basicity Mb = (CaO+MgO)/(SiO2+Al2O3). For the tested slag, Mb=2.04. 
It is basicity slag. In the case of acid slag the value is Mb<1. Modulus of activity is expressed Ma= Al2O3/SiO2 
and for the tested slag Ma = 0.21. Hydraulic activity of slag grows with growing modulus of basicity Mb and 
growing modulus of activity Ma. Another possibility to measure slag quality is to use the so called quality 
coefficient Kk = CaO+MgO+Al2O3/SiO2+MnO [7]. The value of Kk = 2.6 for tested GBFS. Slag with Kk >1.9 is 
more active because the value Kk >1.9 signifies low activity [12]. 

 

Figure 1 Ternary diagram CaO-Al2O3-SiO2 
with drawing area equilibrium of blast slag [13] 

 

Figure 2 The curve of granulometry GBFS 

Particle size distribution of the GBFS is D(10) = 2.71 μm D(50) = 15.8 μm and D(90) = 45.2 μm, see (Figure 2). 
Granulometry and Blaine fineness led to an increase in mechanical strength of activated slag where Blaine 
fineness from 3,320 to 5,500 cm2/g [14] or [15] activated slag depends on the type of slag: 4,000 and 
5,500 cm2/g for basic slag and 4,500-6,500 cm2.g-1 for acid and neutral slags. The use of solid and liquid 
activator has an effect on the hydration process. Author [16] used solid water glass, (Na2SiO3·5H2O) as slag 
activator and important factor for fast reactivity, in which the small slag particles (<2 μm) were completely 
hydrated within the first 24h after mixing, whereas hydration of larger particles was much slower. 

Characterization of the thermal behavior of the GBFS was performed on a TG/DCS analyzer (Figure 3). 
Reaction changes and weight losses occurring in GBFS hydrated samples were determined by DTA and TG 
analysis. Samples of GBFS after 28 days of hydration under the same conditions were ground to fine powder 
and their hydration was stopped with acetone. Then the samples were placed in a corundum crucible and 
heated in air at a rate of 15 °C.min-1. The first endothermic peak is between 35-295 °C with a maximum peak 
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at 150 °C. Dehydration of the sample is assumed here. The second exothermic peak in the range of 755-
855 °C with a peak of 810 °C will be due to the formation of new phases. Total GBFS weight loss is about 
20 % complete at 810 °C. 

 

Figure 3 TG/DTA curves registered for granulated blast furnace slag (GBFS) 

The effect of C-S-H phase on the geopolymerization of aluminosilicates has been studied with a view to know 
its role in early age strength [17]. Compressive strength and bulk density were evaluated on the mixtures after 
2, 7 and 28 days, see Table 3. The compressive strength increased in both mixtures MX-L and MX-S with 
hydration time. This confirmed the assumption that GBFS, by reaction with the activator, causes the formation 
of CSH phases which contribute to high strengths. In sample MX-L, compressive strength reached 116 MPa 
after 28 days and in sample MX-S after 28 day is 74 MPa.  

Table 3 Compressive strength of prepared samples ML and MS 

Time of hydration of 
samples (day) 

Compressive strength (MPa) Bulk density (kg.m-3) 

MX-L MX-S MX-L MX-S 

2 51.3 46.7 2,036 1,951 

7 86.3 60.0 2,004 1,923 

28 116.7 74.2 2,000 1,900 

The compressive strength of samples with solid activator gradually increases. The effect of liquid alkaline 
activator is more pronounced than the use of solid activator. In both cases strengths comparable with 
commercially produced blast furnace slag cement (slag cement) i.e. CEMIII/32.5 are achieved. The parameters 
of bulk densities for mixtures MX-L and MX-S have a decreasing tendency. For sample MX-S, the bulk density 
is much lower compared to both sample MX-L and other samples. This fact may be due to the solid alkaline 
activator used, which does not support an intensive hydration process. The increase in strength was originally 
connected to the effects of pores filling, structuring of poorly arranged microstructure and twin creations formed 
during extremely polymerized units of alkali-activation and calcium silicate hydrate (C-S-H) gels, [14]. The 
optimum amount of activator dosage, in terms of Na2O by the mass of slag, varies from 3 % to 5.5 % and using 
water glass with a silica modulus of 1-1.5 leads to higher mechanical strengths [15]. Compressive strength of 
60 and 150 MPa for slag concretes activated by water glass were achieved without heat treatment or special 
additives [18]. 

Hydration processes were investigated of original GBFS. GBFS samples after 28 days of hydration were 
annealed at 100 °C, 200 °C and 300 °C (see Table 4). At the beginning and after each annealing, the samples 
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were measured and weighed, from which weight loss was calculated. These hydrates decompose to 300 °C. 
Weight loss ∆m 100 °C = 1.37.10-3 kg at ∆m 200 °C = 2.76.10-3 kg and ∆m 300 °C = 3.39.10-3 kg. 

Table 4 Bulk density of samples after different temperature treatment 

Sample (1) Bulk density (kg.m-3) 

BD original (RT) 1,947 

BD 100 °C 1,818 

BD 200 °C 1,665 

BD 300°C 1,583 

Bulk density of original GBFS was evaluated after 28 days in different temperature cycles. The decrease in 
bulk density in the sample is connected with drying temperature, or annealing. The first step is releasing "free" 
water (water from the pores of the samples), the second step is decomposition of C-S-H phases at higher 
temperatures. Sample shrinkage does not occur, therefore water release is connected with weight changes 
and BD decreases continuously. 

5. CONCLUSION 

Non-cement binder “granulated blast furnace slags binder” can be prepared with the use of liquid and solid 
alkali activator. Advantages and disadvantages: due to its consistency, water glass is suitable for better mixing 
of individual components, the advantage of solid activator (Na2SiO3) is easier handling in the preparation of 
mixtures, the disadvantage is worse reactivity of mixtures. These problems can be partly eliminated by 
homogenizing the mixtures in a suitable milling device. Different hydration processes were found at the 
determined compressive strength and bulk density. The results are comparable with commercial slag cement. 
Faster hydration and thus the growth of strength occurs in mixtures with a liquid activator - water glass. Solid 
- powder activator with the same treatment Ms and in the same dose of Na2O causes a slow down in the 
hydration process, probably due to more complex processes in the dissolution of Na2SiO3 in the mixing water. 
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Abstract 

In article questions of development, low-waste technologies of processing of steel-smelting slag are 
considered, gland allowing by extraction and its connections from steel-smelting slag to receive additional raw 
materials for production became, and the remains to use in building industry. Complex processing of steel-
smelting slags as the main way of engineering-ecological development of society was offered in the mid-sixties 
the past century, generally by scientists from the CIS countries. Based on their application, it was supposed 
not only it is most useful to use the consumed raw material resources, but also to try to process formed entirely 
waste. Thus present at a firm oxidizer iron assimilates with metal and promotes degree increase complex raw 
materials use. In this case, as firm oxidizers can be used, oxides the connections of iron taken from utilized 
slags of joint-stock company "Uzbeksteel." 

Keywords: Slag, metallurgical dust, fusion mixture, melting, production efficiency 

1. MAIN TEXT 

The main problem of modern steel-smelting production in the world is the complex processing of slag, 
utilization of valuable components, and increase in complexity of the use of raw materials. Over time the given 
problem will increase since every possible exhaustion of the rich and easily opened ore fields, increase in 
requirements to environmental protection, growth of needs for ferrous metals is observed. Production of ferrous 
metals is followed by the formation of slag and other types of technogenic waste. Their quantity, in connection 
with the rapid growth of the smelting of cast iron and steel, continuously increases and now is hundreds of 
millions of tons. It is easy to present what huge areas can be busy with slag dumps. And it when the deficiency 
of the fertile land plots occupied by the industrial enterprises sharply increases and becomes aggravated 
situation with the protection of natural resources. But it is only one side of the problem, and the second consists 
of potential opportunities for the use of slag in the national economy [1]. 

One of the main problems of the ferrous metallurgy of Uzbekistan is the chronic deficiency of feedstock. For a 
variety of reasons available in the republic, iron ore fields aren't involved in an industrial turn. JSC “Uzbeksteel” 
is forced to work for scrap metal, which amount in the region continuously decreases almost wholly. The central 
part of hot - the bracketed iron is imported from foreign countries. These difficulties at conducted to the fact 
that only a small part of a necessary product is satisfied at the expense of original production. In this regard, 
involvement in the production of sources. Gland being in secondary technogenic formations of the local 
industrial enterprises is "relevant." 

At the department of “Metallurgy,” TashSTU researches on additional extraction of iron and its oxides from 
wastage of metallurgical production are conducted.   

The slags which are formed during the smelting of steel in JSC “Uzbeksteel” contain in the structure, pure iron 
of 10 - 12 %, and concentration of its oxides reaches several tens percent. In-plant these slags subject dry 
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magnetite enrichment and add the emitted material to proceeding fusion mixture. Tails of magnetite enrichment 
are a production wastage and are stored in particular dumps. 

The analysis which is carried out by us showed that this wastage contains first a large amount of iron and its 
oxides. So, the mean value of the content of metal iron made 3.8 %, and its oxidic content of 16. 8 %. These 
concentrations quite compared with poor iron oxides and can be used in metallurgical production. Now in plant 
saved up more than 1.5 million tons. This wastage and 60-70 thousand tons are annually formed follow-up. 
The same picture is also observed at other enterprises of ferrous metallurgy [2]. 

The technology of receiving crude ore and coal pellets from the thin-milling of the materials supporting not less 
than 70-90 % of fraction of-0.074 mm practically remains the same, as well as for ore granules, and can be 
realized on the granulators used now that will be coordinated with results of work [7]. Because of the high 
capillary moisture capacity of thin-milling fuel in comparison with a concentrate, the humidity of furnace charge 
for receiving the ore-fuel of granules needs to be maintained 2-4 % above, then by production the ore-fuel of 
pellets. Crude the ore-fuel pellets from 20 % of fuel (powder of the Angren coal) with a diameter of 10 mm 
maintained before the destruction of loading 0.8 kg, and after drying of 1.0-1.2 kg / a pellet. 

We conducted researches on the definition of influence of temperature of roasting on some technological 
indicators of the process of enrichment of iron ore pellets. The results of the researches are given in  
Figures 1-3. Experiments were done under the following conditions: roasting time - 60 minutes, diameter of a 
pellet - 10 mm, the composition of furnace charge of 80 % poor ore, and 20 % of fuel. 

In Figure 1 changes in the content of iron in concentrate depending on roasting temperature are presented. 

From Figure 1 it is visible that an increase 
in temperature of roasting iron content 
grows in a concentrate. This phenomenon 
can be explained as follows. For the course 
of chemical or structural changes in a 
stationary phase, there has to be a 
movement of atoms. Various mechanisms 
of this phenomenon are possible. The 
transition of atoms from regular knots of a 
lattice in a nearby vacancy [3] can be one of 
them. Vacancies exist in each crystal at all 
temperatures other than absolute zero. The 
speed with which diffusion of atoms in this 
case proceeds depends on the ease of 
movement of atoms from the regular knot in 
vacant and on the concentration of 
vacancies. Movement of atoms in any 
direction is equivalent to the wandering of vacancies in the opposite direction. Therefore in a similar case, it is 
possible to speak about the diffusion of vacancies. 

One of the options of this process is the so-called "relay" mechanism at which the atom which is in an interstice 
passes into a regular knot, pushing out the atom which was earlier there is a new interstice. 

The valid mechanism of the process in this system is defined by the relative size of the energy, which is 
required for the course of this process. Diffusive processes, as a rule, in many respects, determine the speed 
of chemical reactions and agglomeration. 

The size of energy necessary for this purpose is called the energy of activation of process, and the expression 
can present the temperature dependence: 

Figure 1 Influence of temperature of roasting on the iron 
content in a concentrate 
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D=D0exp(-E/RT)               (1) 

where E is the seeming energy of activation of diffusion. 

The size of the coefficient of diffusion and its change with the growth of temperature increases also that most 
reactions of restoration of oxides of iron accelerate. 

Process of restoration of iron of oxides, according to Baykov's principle about the sequence of transformations, 
proceeds in steps by the transition from the highest oxides to the lowest in schemes 

Fe2O3 → Fe3O4 → FeO → Fe (higher than 570 °C)           (2) 

or 

Fe2O3 → Fe3O4 → Fe (lower than 570 °C)            (3) 

At the same time, according to the chart Fe - O in a system arise not only with the lowest oxides and metal but 
also solid solutions. 

Restoration of oxides of iron solid carbon perhaps on the following reactions:  

3Fe2O3 + C = 2Fe3O4 + CO - 129.07 MJ            (4) 

Fe3O4 + C = 3FeO + CO - 187.28 MJ             (5) 

FeO + C = Fe + CO - 152.67 MJ            (6) 

For the last reaction: 

lg Kp = - 7,730/T + 7.84              (7) 

Total negative thermal effect 4,240 kJ/kg of iron. 

Carbon oxide reversible reaction is the cornerstone of processes of restoration of oxides of metals: 

МеО + СО ↔ Ме + СО2              (8) 

This reaction proceeds from left to right when ΔG reactions - size negative, i.e., when the thermodynamic 
potential of a system decreases upon transition from an initial state to equilibrium. 

If to express a constant of balance through partial pressure of gases and vapors of participants of reaction: 

COmeo

COme

PР

PР
Kp




 2                (9) 

where to Pme, Pmeo, Pco, - vapor pressure and gases of participants of reaction at balance and to express an 
initial state through  

COmeo

COme

PР

PР
Kp

11

11
1 2




              (10) 

That   KpRTKpRTG ln1ln   or  
COmeo

COme

PР

PР
RTG




 2ln

     

(11) 

The reaction goes from left to right when Kp1 < Kp, and ΔG reactions - size negative. The size of a constant 
of balance can be determined on the equation: 

UZY� �  � ∆j�� or Y� �  � ∆j°
l.1m�             (12) 

where no/  - standard izobarno - the isothermal potential of the reaction determined by a difference:  

MeOCOCO GGGG 0000
2

            (13) 
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from sizes of standard thermodynamic potentials of formation of the CO2, CO, and MeO connections from 
elements. 

Values 
2

0
COG , COG

0
  and MeOG 0  it is possible to find in reference books and also according to charts 

of dependence MeOG 0  from temperature (the chart of the energy of Gibbs). 

In some cases, MeO and Me are in the condensed firm or liquid phases, then Pm = const and Pmeo = const, 

Pco

Pco
Kp 2               (14) 

The thermal effect of reaction (18) can be calculated on warmth of education of participants of reaction from 
elements: 

MeOCOCO QQQQ  )(
2

            (15) 

At 298 To 
2COQ  = 94.05 kilocalories (398.13 KJ) 

COQ  = 26.5 kilocalories (110.77 KJ) 

then 298Q  = 67.65 (282.78) - QMeO 

Reactions of restoration of oxides of metals carbon oxide can be exothermic or endothermic depending on the 
warmth of the formation of oxide from elements [4]. Thermal effects of the reaction of restoration of some 
oxides by carbon oxide, kilocalories are given below (*4.18 KJ): 

Сu2О + СО = 2Сu + СО2…………………….………... 

РbО + СО = Pb + СО2 …………………….………….. 

NiO + CO = Ni + CO2 …………………….…………...  

½ Ge2 + СО = ½ G+ СО2 ……………………………… 

FeO + CO = Fe + CO2…………………………………. 

ZnO + CO = Zn + CO2…………………………………. 

½ SiO2 + CO = ½ Si + CO2 …………………………… 

NbО+ CO = Nb + CO2 ………………………………… 

UО2 + СО = ½ U + СО2 ……………………………… 

MgO + CO = Mg + CO2……………………………….. 

½ TiO2 + CO = ½ Ti + CO2……………………………  

27.8 

16.6 

10.0 

61.1 

3.2 

-15.0 

-37.2 

-29.0 

-61.1 

-75.5 

-59.7 

If> 67.6 kilocalories (282.78 KJ), then the thermal effect of reaction of restoration - the negative size that is 
observed at metals with considerable affinity to oxygen (Zn, Ti, Nb, V, and others). 

If> 67.6 kilocalories (282.78 KJ), then the thermal effect of reaction of restoration of oxide of metal - the 
particular size, and the reaction is followed by allocation of heat. Thus, then the affinity of metal to oxygen is 
more, especially the thermal effect of reaction of restoration of its oxide is negative [5]. 

It is possible to calculate a constant of the balance of restoration of oxides of metals carbon oxide and to 
graphically represent the dependence of a logarithm of constant equilibrium reactions of restoration from 
temperature (Figure 2). 
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Figure 2 Dependence of a logarithm of a constant of a balance of reactions of restoration of various oxides 
carbon oxide from temperature 

Knowing a balance constant at this temperature, it is possible to calculate it on equilibrium structure of a gas 
phase for reaction under conditions 
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In Figure 3, equilibrium structures of a gas phase for reactions of restoration of oxides of metals independence 
- from temperature are represented. 

In the lower part of this chart, the metals with a small affinity to oxygen (Cu, Pb, Ni) demanding for the 
restoration of insignificant concentration CO in a gas phase with the size Kp>1 are located. In the top part of 
the chart, metals with considerable affinity to oxygen (Zn, Si, Mn) are located for which Kp<1 demanding for 
recovery of the considerable contents CO in a gas phase. 

 

Figure 3 Dependence of equilibrium concentration CO in the mix with CO2 for reactions of restoration of 
oxides of metals carbon oxide from temperature 
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From charts (Figures 2 and 3), it is visible that constants of the balance of reaction of restoration of oxides for 
from them metals with temperature increase (FeO, Cu2O, NiO) for others decrease (ZnO, SiO2, Fe3O4). 

At the negative thermal effect of chemical reaction, according to Le-Chatelie's principle, an increase in 
temperature shifts balance of reaction of restoration of iron from left to right, i.e., towards the formation of 
metal. 

An essential indicator of the concentrating process is the extraction of a valuable component in a concentrate.  
In Figure 4 results of researches on the definition of this indicator depending on roasting temperature are 
presented. 

 
Roasting time - 15 min. in air current; d pellets = 10 mm; structure of 80 % ore, 20 % coke. 

Figure 4 Influence of temperature of roasting on the extraction of iron in a concentrate 

 

Figure 5 The electronic and microscopic picture of concentrate after recovery 

From data in Figures 4 and 5 it is visible that with temperature increase, the extent of extraction of iron in a 
concentrate increase. It is a consequence of the fact that at high temperatures, recovery processes proceed 
more intensively. However, the extent of extraction remains quite low, and it leads to the fact that at heat 
treatment of the crushed iron ore materials, the agglomeration phenomenon is observed. It especially becomes 
more active if the porous pressed body is exposed to processing. Thus, agglomeration is shown at heat 
treatment as separate dispersion particles (for example, at recovery or roasting of concentrates in the boiling 
layer), and granules (crude pellets, briquettes) [6]. 
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The first porous body is the system remote from a status of thermodynamic equilibrium at the same time in 
many parameters. It is caused by a big free surface of separate particles, the existence of micro distortions of 
type of shift of atoms from regular provisions in a grid, nonequilibrium defects of type of dislocations, excess 
vacancies, etc. At complexity of the structure of dispersion medium non-equilibrium of a system is also caused 
by a field of a gradient of concentration. At agglomeration, reduction of the surface energy of particles, and 
"curing" of separate defects, alignment of concentration [7] happens the being irreversible process, both. 

Solid-phase agglomeration influences the process of recovery when processing ore and coal pellets. At 
recovery them in the mine furnace, this process is of great importance because the upper limit of temperatures 
of recovery is limited to temperature of agglomeration of pellets in clusters with violation of the modes of 
process. 

Processing of iron ore materials during thermal recovery has, in comparison with the clean phenomenon, some 
features from which first of all it is necessary to select: 

a) existence of a large number of components (oxides of iron, silicon, aluminum, calcium, magnesium and 
so forth); 

b) noticeable amount of the gases which are formed during the process; 

c) course of oxidation-reduction processes; 

d) course of solid-phase reactions (between magnetite and silicon dioxide, lime and hematite and other); 

e) possibility of formation of a quantity of a liquid phase of variable structure and properties. 

These features do not give the chance to use without changes of a pattern of agglomeration, found mainly for 
metal powders. For example, iron ore material is the system remote from thermodynamic potential in many 
parameters. As chemical reactions follow recovery processing, reduction of free energy of a system as a result 
of course of reactions can be characterized by more powerful flows of substance, than other processes. In 
other words, the approach of a system to balance in one parameter can be energetically justified in that case 
when it is followed by temporary removal from the balance in other parameters. Practically it can be expressed 
in another process of change of porosity of granules, the size of grains, etc. 

Generally, the pellet can be considered as a porous polycrystal with an extensive network of interparticle 
borders. The more the area the interparticle of borders, the is more dense and stronger a pellet. Proceeding 
from it, an objective criterion of the behavior of iron ore particles when heating is the total area of interparticle 
contacts or an inverse value - the total area of contacts of a particle - a time which is expressed by a total or 
specific surface of time. 

We conducted researches on the determination of strength properties in a cold condition of pellets from a 
specific surface of time. The specific surface of time was determined by a popular bottle method. The results 
of the researches are presented in Figure 6. 

 

Figure 6 Dependence of cold durability on a specific surface of time in pellets 
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From data in Figure 6 it is visible that with an increase in a specific surface of time durability of pellets 
significantly falls. Especially it is essential to consider it when loading material in the mine furnace since, at the 
same time, pellets can collapse that reduces gas permeability of furnace charge, increases dust remove, and 
the recoverability of oxides owing to change of aerodynamic conditions in the furnace decreases. 

Also, furnace charge agglomeration since will significantly be at a loss recoverability owing to a decrease in a 
reactionary surface, and the formation of hardly reparable connections has an adverse effect. 

Based on the analysis of possible ways of involvement in the ore-fuel of pellets in the industry, it is possible to 
conclude that such basic opportunity is available. The choice of an optimal variant will depend on technological 
and technical and economic indicators by the preparation of raw materials for metallurgical conversion. 

By results of the conducted researches, it is possible to conclude: 

 it is defined that when using as coal reducer, the content of metal iron in pellets is lower than when using 
oil coke. Proceeding from the received results and also considering the cost of the oil coke (about 4.4 
million bags for ton) exceeding coal cost (about 0.5 million bags for ton) and the high content of the 
sulfur in coke which is harmful impurity for steel the decision as a reducer to use brown Angren coal 
was made; 

 the optimum amount of the coal added to furnace charge of the roasting making 20 % of the mass of a 
gravitational concentrate is defined; 

 it is established that the optimum temperature of recovery roasting is 1100 °C; 

 it is defined that the process of restoration of iron of oxides proceeds in steps according to the following 
scheme: at temperatures above 560 °C of Fe2O3 → Fe3O4→FeO→Fe, below 560 °C magnetite is 
restored to metal iron, passing wustite Fe2O3→Fe3O4→Fe. 
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Abstract  

The processes of production of pig iron, steel and cast irons are accompanied by the formation of a significant 

amount of slag. This waste can be sent to re-smelting, however, if it contains a high content of impurity 

components, it is sent to the dump as waste. This waste contains 40 - 50 % of iron compounds, with a 

developed surface. In the framework of the work, it is proposed to use slag as a feedstock to obtain complex 

coagulants. Complex coagulants are highly effective reagents used in wastewater treatment processes for 

hydrotreating parts, gas purification, and also galvanic wastewater. As part of the studies, the high efficiency 

of complex coagulants in the processes of wastewater treatment of galvanic production from chromium (VI) 

ions was confirmed. 

Keywords: Recycle, slag, water treatment, complex coagulant, wastewater 

1. INTRODUCTION 

All processes associated with metallurgical production have a significant impact on the natural environment. 

Steel smelting processes are accompanied by huge emissions of gases and dust into the atmosphere, 

significant amounts of water consumption for various purposes (for example, cooling furnaces, hydrotreating 

surfaces of parts, processes for capturing exhaust gases), as well as the formation of huge amounts of various 

wastes. 

Most of the waste generated during metal smelting or its processing (quenching, pressure treatment) due to 

the high content of the source metal is returned to production. The dross formed during the heat treatment of 

parts for 90 - 95 % consists of iron oxides and can be used as an additive to raw materials in steel smelting 

processes [1-3]. Demetallized steelmaking slag can be use as charge of basic oxygen converter [4]. 

Despite the high degree of use and recycling of such waste, there is a part of slag and scale, which, due to the 

high degree of contamination, cannot be reused. Typically, this waste is placed on the slag dump of the 

enterprise or used as an additive to building materials or used in the processes of road construction [5]. 

Another environmental problem associated with the production and processing of steel products is the 

wastewater of the plating process. Wastewater containing copper, nickel, cadmium and zinc ions is neutralized 

and purified by precipitation of insoluble metal hydroxides. Wastewater from etching processes is the most 

difficult case, since chromates are highly soluble in a wide pH range and cannot be removed by traditional 

methods (neutralization, coagulation) [6]. To clean such effluents, chromium (VI) ions are reduced (by iron (II) 

salt or sulphurous acid’s salts) to chromium (III) and only then insoluble hydroxides are precipitated. Usually, 

iron (II) or sulfuric acid salts are used as reducing agents [7]. The resulting chromium (II) compounds are 

removed by precipitation in the form of insoluble hydroxides, and aluminum, iron or titanium-containing 

coagulants can be used to intensify the process [8-9]. 
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Another waste generated in significant quantities is spent solutions for etching and cleaning the surfaces of 

plating areas. 

The main goal of this work is to develop a technology for processing slag from the electric arc steelmaking 

process and spent solutions of anodic etching of titanium in order to obtain complex reducing coagulants for 

the treatment of wastewater from galvanic production from chromium (VI) ions. The result will have a high 

environmental effect, will improve the efficiency of wastewater treatment and will help reduce the amount of 

waste generated through the use of waste as raw materials for the production of a comprehensive reagent for 

wastewater treatment of galvanic production. 

2. METODS OF ANALYSES 

Slag samples were preliminarily crushed to a size of 40-60 μm in a planetary mill, followed by averaging of the 

composition and tableting. 

Sulfate solutions of anodic etching of titanium parts were selected as the feedstock for the synthesis of a 

complex coagulant reducing agent. The presence of titanium compounds in the obtained samples of the 

complex coagulant-reducing agent will further increase the efficiency of coagulation wastewater treatment  

[10-11]. 

The chemical composition of solid samples was determined by X-ray fluorescence analysis on a JEOL 1610LV 

scanning electron microscope with an energy-dispersive spectrometer for electron probe microanalysis SSD 

X-Max Inca Energy (JEOL, Japan; Oxford Instruments, Great Britain). 

The total metal content in liquid media (acid solutions, wastewater) was determined by spectral analysis on a 

“Spectro-Sky” atomic emission spectrometer with magnetic plasma [12]. The content of Fe (II) and Cr (VI) ions 

in solutions and wastewater was carried out on a DR 2800 spectrometer (HACH USA). 

3. METODS OF EXPERIMENTS 

Samples of pre-ground slag were dissolved in hydrofluoric acid and the content of the main components was 

determined. 

Titanium anodic etching solutions were analyzed for the content of the main components and the content of 

free sulfuric acid was determined. 

Slag samples were treated with spent pickling solutions by changing the phase ratio (scale: acid) and the 

process temperature. Given the developed surface of the slag and the data of preliminary experiments, the 

optimal process time was 30 minutes. A further increase in processing time does not increase the degree of 

extraction of the main active component. The insoluble part was filtered off and the aqueous liquid phase was 

analyzed for the content of basic elements. 

The effectiveness of the obtained solutions was evaluated on real wastewater of the plating deposition site 

containing chromium (VI) ions. Various doses of reagents were introduced into the wastewater, intensively 

mixed. Then, pH correction and filtration of precipitates were carried out. Purified wastewater was analyzed 

for chromium (VI) ions. The cleaning efficiency was calculated by the difference in the content of chromium 

ions (VI0 in the source and purified water. 

4. RESULTS AND DISCOSSIONS 

Table 1 is dedicated the chemical composition of the sample averaged electric slag smelting process of steel 

produced in the manufacture of machinery. 
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Table 1 Chemical composition of the sample slag 

Component SiO2 CaO P S Al2O3 MnO Cr2O3 TiO2 Fe2O3 FeO 

Content (wt%) 46.3 3.6 0.6 1.1 7.5 2.3 6.5 1.4 10.5 20.2 

From the data of Table 1 it can be seen that up to 30 % of iron (II) and (III) compounds are present in the slag 
composition, which can be used to obtain a complex reducing coagulant. 

At the next stage of the experiments, slag samples were processed with spent solutions of anodic etching of 
titanium. Sulfuric acid in the composition of the solutions will dissolve acid-soluble components (mainly iron 
oxides). 

Table 2 is dedicated experimental parameters, as well as data on the content of active components in the 
solutions obtained during the processing of slag. 

Table 2 Evaluation of the efficiency of iron extraction from slag depending on processing conditions 

№ Ratio Slug:H2SO4 Temperature, ℃ 

Metal content  

(wt%) 
Free 

H2SO4 

(wt%) 
Extraction (%) 

Fe (total) Ti (total) Fe2+ 

Basic acid (no slag) - 0.1 5.6 0.1 5.5 - 

1 1:3 40 4.20 5.6 1.44 2.93 41 

2 1:3 60 4.91 5.6 1.68 2.55 48 

3 1:3 80 5.53 5.6 1.89 2.22 54 

4 1:4 40 4.68 5.6 1.60 1.83 61 

5 1:4 60 5.37 5.6 1.84 1.34 70 

6 1:4 80 5.76 5.6 1.97 1.06 75 

7 1:5 40 4.79 5.6 1.64 0.90 78 

8 1:5 60 5.46 5.6 1.87 0.29 89 

9 1:5 80 5.89 5.6 2.02 0.12 96 

10 1:6 40 5.01 5.6 1.72 0.10 98 

11 1:6 60 5.12 5.6 1.75 0.10 99 

12 1:6 80 5.12 5.6 1.75 0.10 99 

The absence of calcium compounds in the solution can be explained by the formation of insoluble calcium 
fluoride and sulfate during the synthesis and its isolation in the form of an insoluble precipitate. Compounds of 
silicon, manganese, and chromium, nickel, and other metals were present in insignificant amounts (<0.1 %) in 
the solution, which is explained by the low activity of dilute sulfuric acid solutions with respect to these 
elements. 

Based on the data at Table 2, it is seen that the optimal conditions for the synthesis of a complex coagulant-
reducing agent correspond to the conditions of experiment 10. The degree of extraction of the main 
components is maximum, while the process temperature is minimal. It is the solution of experiment 10 that will 
be used in the purification of wastewater from the galvanic site from chromium (VI) compounds. 

The final stage of the experiments was the evaluation of the effectiveness of the obtained solutions of the 
complex coagulant-reducing agent. The compounds of titanium (IV) and iron (III) are responsible for the 
coagulation effect of the reagent, while the compounds of iron (II) will act as a reducing agent. Chemically pure 
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iron (II) sulfate was used as a reference sample. Data on the efficiency of wastewater treatment, depending 
on the dose of a solution of a complex coagulant-reducing agent, are presented in Figure 1. 

 

Figure 1 The effectiveness of water purification from chromium (VI) by various reagents 

From the data in Figure 1 it can be seen that the sample of the complex coagulant reducing agent is not 
inferior in its effectiveness to traditional reducing agents based on iron (II) sulfate. It should be noted that the 
raw materials for obtaining a complex coagulant reducing agent are waste from metallurgical and galvanic 
production, which means that the cost of this reagent will be significantly lower than that of pure reagents. 
Based on literature data, it can be assumed that the presence of titanium compounds in the complex coagulant-
reducing agent will have a positive effect on the filtration rate of precipitates formed. 

5. CONCLUSION 

As part of the work, a technology for the utilization of metallurgical slag with the production of a complex 
coagulant-reducing agent is proposed. The chemical composition of the slag was studied and the neutralization 
modes of the spent solutions of anodic etching of titanium with this slag were selected. It was found that to 
achieve the maximum degree of dissolution of the slag, it is necessary to maintain the slag: spent acid solution 
ratio of 1: 6 and the reaction mixture heated to 40 °C. The data obtained as a result of the work will make it 
possible to organize the reuse of two wastes of metallurgical processes and reduce the negative impact on 
the environment. 
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Abstract  

Hydraulic descaling is an inherent part of the hot rolling process but can sometimes also be applied in the heat 
treatment process, continuous casting and other processes. The need for optimal descaling is linked with the 
quality of the final product. The goal is usually simplified to the complete removal of the scale layer from the 
hot surface. The descaled surfaces are often wide and a number of nozzles must be used. The quality 
problems are almost exclusively connected with the overlap of water jets. An experimental study of overlap 
optimization is presented in this paper. A new approach using in-line configuration of jets is introduced and 
discussed. This paper also describes why even the completely oxide-free surface achieved after descaling the 
unit can be a far from optimal solution. Thermal strips on the hot surface cause much more intensive oxidation 
of the hot part and much slower oxidation in the cold strips on the descaled surface. The speed of oxide 
formation on the steel surface is exponentially dependent on the surface temperature. Temperature non-
homogeneity after descaling in the rolling process can cause the same defects on the surface of the final 
product as poor descaling. Temperature aspects with links to heat loss and secondary oxidation are discussed.   

Keywords: Descaling, hydraulic, nozzle, hot rolling, overlap 

1. INTRODUCTION 

Hydraulic descaling is essential to obtain high-quality hot-rolled steel. Scales on the surface of the rolled 
material are removed by a water jet and washed away [1,2]. As a multifactor process, descaling conditions 
can vary significantly. The most crucial factors that affect the process can be divided into mechanical effects 
and thermal effects [3,4]. The dominant parameter is impact pressure, influencing both mechanical and thermal 
action [5,6]. The impact pressure depends on nozzle feeding pressure, nozzle quality and nozzle standoff from 
the descaled surface [7-9]. For descaling purposes the following parameters must be studied: impact 
distribution along the spray angle of a single nozzle and impact distribution in an overlap area, where there is 
interaction of jets from neighboring nozzles [10]. 

The water jet causes thermal shock on the surface [11,12] and plays a key role in crack formation in the layer 
of scales. The cooling intensity can be quantified by a heat transfer coefficient. Published models of hot rolling 
based on experimental data operate with a variable value of heat transfer coefficient in the section where the 
jet directly sprays the surface. The values reported in [13] vary from several hundred W.m-2.K-1 to 
20 920 W.m-2.K-1.  Article [14] states that the heat transfer coefficient is a linear function of the impact pressure 
of the water jet and the values vary in range from 290 000 W.m-2.K-1 to 420 000 W.m-2.K-1 for impact pressures 
in the range 0.48 MPa to 0.8 MPa. The authors of the paper [15] measured heat transfer coefficient values 
under flat jet nozzles and it was found that cooling intensity does not increase linearly with pressure, but some 
saturation can be observed at high pressures. This finding is consistent with the statement that a maximum 
possible heat transfer coefficient value exists for forced convection and convection with phase change [16]. 
The heat transfer coefficient is also a function of surface temperature during water cooling and the increase in  
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water pressure also raises the Leidenfrost temperature [17]. The situation during descaling can be even more 
complex when the authors consider the presence of oxides on the surface [18,19] and surface roughness [20] 
when studying heat transfer. As has been illustrated, due to the complexity of the process, the outcomes of 
experiments cover a very wide range of values.  

There are some parameters which can play only a minor role but should be considered in the design of the 
descaling unit [21]. Thermal losses are a limiting factor for some technologies [22]. The velocity of the descaled 
surface has a major effect on thermal losses during descaling; this is described in [23]. The Korean company 
POSCO studied the possibility of modifying thermal losses by modifying the water temperature; the results of 
this interesting study are published in [24]. 

This study presents experimental methods which can help us to design the descaling units correctly. 
Experience from industry indicates that the main problems are in the geometrical configuration of nozzles. In 
other words, designing the descaling unit with a proper spray overlap is difficult [25]. An experimental study 
confirmed that having neighboring jets which collide with each other can significantly reduce descaling 
performance [10] and significantly increase cooling [4]. Industrial descaling units usually have nozzles rotated 
by offset angle β set to 15° (see Figure 1 right) to avoid the water jets colliding before the water hits the 
descaled surface [5,7,25-32]. The only exception are patents [33,34] where the offset angle is set to 0° but the 
configurations produce two discontinuous lines trying to avoid problem in overlap area. Study of the overlap 
area in the author’s laboratory led to the idea of an in-line nozzle configuration which has been successfully 
tested in industry and is introduced in this paper and compared with classical configuration using several types 
of laboratory measurements. 

2. LABORATORY MEASUREMENTS 

Laboratory measurements provide information about the magnitude of impact pressure caused by water jets 
from descaling nozzles hitting the descaled surface, and also about impact distribution, heat transfer from the 
descaled surface and surface quality after descaling.  

Figure 1 shows a diagram of impact pressure distribution measurements. The important feature of the device 
is that the impact is measured by a sensor embedded in a flat plate. Only this approach allows us to study 
interaction of sprays in the overlap area where the deflected water jet can significantly influence the jet from 
the neighboring nozzle. Examples of these measurements are shown in Figure 2. 

   

Figure 1 Diagram of impact pressure distribution measurement (left); diagram of nozzle  
configuration (right) 
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Figure 2 Impact pressure distribution measurement of two configurations: left is with offset angle β=15° 
(standard configuration) and right is with offset angle β=0° (in-line configuration) 

The effect of the impact of the water can also be studied through erosion tests. Industry commonly uses painted 
steel plates to check descaling systems. Erosion tests use aluminum plates or plastic materials. The examples 
shown in Figure 3 are for tests with movement of the tested surface and for static tests. Static erosion tests 
are not suitable for study of the overlap area because the water jet digs a slit in the plate and the direction of 
the reflected water in the test is different to the direction of the water in the rolling plant, where it has a flat 
surface.  

Heat transfer measurements are done using a hot moving test plate manufactured from heat resistant 
austenitic stainless steel to protect the surface from severe oxidation. The velocity of movement is identical to 
the velocity in the studied rolling plant. Details can be found in [15]. Figure 4 shows a very instructive picture 
of the hot steel plate after being run under two descaling jets. It is evident that the overlap area is subcooled, 
and the cold strip is visible on the surface. The right part of Figure 4 shows the measured variations of surface 
temperature across the width of the surface using an infrared line-scanner placed 0.5 m beyond descaling. To 
study the heat loss during hydraulic descaling, the hot test plate is equipped with thermocouples (see left 
diagram in Figure 5), which are located 0.6 mm below the descaled surface [4]. Distributions of heat transfer 
coefficients are computed for each position of the thermocouple (see right graph in Figure 5) from the recorded 
temperature history during the descaling experiment using inverse computation [35]. Lines T1 and T3 are 
plotted for the area near nozzle axis and lines T2 for the overlap area. 

The last type of experiment used in the study of descaling is test of descaling quality [36,37]. The test plate is 
typically heated with the surface protected against oxidation. The heated plate is first exposed to the oxidation 

  

Figure 3 Aluminum plates after erosion tests: the left picture is for a configuration with offset angle β=15° 
after the erosion test with a moving sample (black lines represent the spray width of each nozzle); the right 

picture is for an in-line configuration with offset angle β =0° (the upper eroded line shows values after a 
steady erosion test, while the lower area show a values after an erosion test with a moving sample) 
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Figure 4 Cooling homogeneity measurements with two nozzles: thermal lines after passing under two 
descaling nozzles (left photo); measured variations of surface temperature and the sprayed area shown 

schematically with straight lines in the upper part of the graph (right graph) 

for a defined time and then run under the descaling nozzles at the prescribed velocity. Immediately after 
descaling, the test plate is cooled in a box with a protective atmosphere to protect the surface from further 
oxidation. Finally, the thickness of the remaining scales is measured after descaling. Examples of the test 
plates after descaling tests are shown in Figure 6. Nozzle arrangements are illustrated by the jets' footprints 
from the impact pressure distribution measurements. 

3. RESULTS - COMPARISON OF STANDARD AND IN-LINE CONFIGURATIONS 

The most common configuration (standard configuration) of nozzles in a hydraulic descaling unit for flat 
products is shown in Figure 1 in the right diagram. The offset angle β is usually 15°. The new in-line 
configuration has the offset angle β set to 0°. The nozzles used for laboratory experiments have a catalogue 
spray angle of 30°, a water flow rate of 36 l/min for water pressure of 40 MPa, and the standoff was 75 mm. 

The results from impact pressure distribution measurements of these two configurations (standard and in-line) 
are presented in Figure 2. It can be observed that the left nozzle has a relatively homogeneous impact 
pressure distribution, but the right nozzle has low impact values in the overlap area. This is caused by the 
water deflecting from the left nozzle into the jet of right nozzle. On the other hand, maximum impact pressure 
is obtained in the overlap area for the in-line configuration. The peak pressure is twice as high as impact 
pressure under a single nozzle. 

   
Figure 5 Heat transfer measurements of two spraying nozzles on a moving surface: thermocouple positions 

(T1, T2, and T3) and impact footprint of sprays for configuration with offset angle β=15° (left picture); 
measured heat transfer coefficients for two configurations: offset angle β=15° and β=0° (right graph) 
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The collision between the deflected water and the impacting jet has a significant effect on the quality of 
hydraulic descaling near the overlap area. The erosion test with a moving plate shown in Figure 3 (left photo) 
clearly documents the area where there is no erosion (washout area). The nozzle’s footprints in the impact 
area are shown by the black lines in Figure 3. No washout area was observed in the in-line configuration 
(Figure 3, right photo). 

The negative effect of the deflected water in the washout area was confirmed by hot descaling tests for the 
standard configuration (see Figure 6, left photo). The remaining scales here are significantly thicker (12-
28 µm) than in the normal area (3-10 µm). Surprisingly, the most descaled area is the overlap area. The in-line 
configuration does not produce any washout areas and the thickness of the scales is uniform across the strip. 

The quality defect in the overlap area described above is not the only problem that can be found in the rolling 
plant. Let us assume that the surface is perfectly clean after descaling. This fact does not mean that rolling is 
free of scale-induced problems. Figure 3 (left photo) shows how non-homogeneous the surface temperature 
can be after descaling. The dark strip in the overlap area indicates a much lower temperature. Figure 4 (right 
graph) shows how significant the decrease in surface temperature caused by descaling nozzles is and how 
significantly different the temperature in the overlap area and in the area near nozzle axis is. Heat transfer 
measurements (see Figure 5) confirm that the heat transfer coefficient is much higher in the overlap area (T2 
curve) for standard configuration with offset angle β=15°. The situation is much better for in-line configuration. 
The heat transfer coefficient is lower and significantly narrower when comparing "β=0°, T2" with " β=15°, T2". 
The lower heat transfer coefficient results in reduced heat loss during descaling and the temperature profile is 
more homogeneous for the in-line configuration with the offset angle β=0° (see Figure 4, right graph). 
Oxidation starts immediately on the clean hot steel surface. Because scale growth rate depends exponentially 
on the surface temperature, steel with strips that have both thick and thin scales enter the rolling mill and result 
is often visible in the surface quality when the cooling is not homogeneous across the strip. 

 
Figure 6 Descaling measurements - thickness of remaining scales: configuration with offset angle β=15° (left 

picture); in-line configuration with offset angle β =0° (right picture) 

  

Figure 7 Descaling header for use in industry (manufactured by SIGMA DIZ) 
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Based on the obtained results, a new type of high-pressure spray collector was designed by Brno University 
of Technology and SIGMA DIZ (see Figure 7), which is currently being tested in the company Liberty Ostrava 
a.s. in Steckel rolling mill. The obtained results are very positive, and the company wants to install new 
descaling headers with the in-line configuration instead of the standard descaling unit. 

4. CONCLUSION 

The problems mentioned with overlap cannot be completely eliminated but should be minimized. Testing of 
the in-line nozzle configuration was motivated by simultaneous optimization of impact and heat transfer. The 
laboratory measurements confirmed that the negative effect of interaction between deflected water and water 
jets from the nozzles is more significant for standard descaling configuration with an offset angle β=15° than 
for in-line configuration with an offset angle β=0°. The experiments also showed that the most problematic 
area is the washout area and not the overlap area when the descaling unit uses a standard configuration. The 
positive aspects of in-line configuration were verified in industrial conditions. 

ACKNOWLEDGEMENTS   

The authors greatly appreciate the help of the SIGMA GROUP and its subsidiary SIGMA DIZ- 
producers of descaling pumps and descaling systems- for the installation and industrial testing of 

the in-line descaling system in the Liberty Ostrava a.s. plant. 

A new descaling header was created within the project "Progressive high-pressure hydraulic 
systems for heavy industry" CZ.01.1.02 / 0.0 / 0.0 / 15 019/0004924. 

REFERENCES 

[1] ZHANG, M., LIU, B., GRENIER, C., MONTMITONNET, P., PICARD, M., BOREAN, J.-L. Oxide fracture 
mechanisms in descaling of steel strips on the hot strip mill. In: AIP Conference Proceedings. 2011, vol. 1353, 
issue 1, pp. 377-382. doi: 10.1063/1.3589537. 

[2] FRICK, J.W. Audits of existing hydro mechanical descaling systems in hot rolling mills as a method to enhance 
product quality. In: AISTech - Iron and Steel Technology Conference Proceedings. 2005, vol. 2, pp. 425-436. 

[3] HLAVÁČ, L. M. Application of water jet description on the de-scaling process. International Journal of Advanced 
Manufacturing Technology. 2015, vol. 80, issue 5-8, pp. 721-735. doi: 10.1007/s00170-015-7020-7. 

[4] POHANKA, M., VOTAVOVÁ, H. Overcooling in overlap areas during hydraulic descaling. Materiali in tehnologije. 
2016, vol. 50, issue 4, pp. 575-578. doi: 10.17222/mit.2015.164. 

[5] KIM, S.C., CHOI, J.W., CHOI, J.W. Method of setting nozzle intervals at the finishing scale breaker. KSME 
International Journal. 2003, vol. 17, issue 6, pp. 870-878. doi: 10.1007/BF02983401. 

[6] BOHÁČEK, J., HORÁK, A. Numerical study of droplet dynamics impinging onto steel plate covered with scale 
layer. Frontiers of Mechanical Engineering in China. 2010, vol. 5, issue 4, pp. 389-398. doi: 10.1007/s11465-010-
0108-8. 

[7] FARRUGIA, D., RICHARDSON, A., LAN, Y. Advancement in understanding of descalability during high pressure 
descaling. Key Engineering Materials. 2014, vol. 622-623, pp. 29-36. doi: 10.4028/www.scientific.net/KEM.622-
623.29. 

[8] MA, F., YANG, N., LIU, Y. Design of high-pressure waterjet descaling nozzles testing system with LabVIEW. 
Advanced Materials Research. 2011, vol. 422, pp. 333-337. doi: 10.4028/www.scientific.net/AMR.422.333. 

[9] ROBB, L. Effect of spray height, lead angle and offset angle on impact. In: AISTech - Iron and Steel Technology 
Conference Proceedings. 2005, vol. 2, pp. 449-456. 

[10] VOTAVOVÁ, H., POHANKA, M. Study of water jet collision of high pressure flat jet nozzles for hydraulic 
descaling. Applied Mechanics and Materials. 2016, vol. 821, pp.152-158. doi: 
10.4028/www.scientific.net/AMM.821.152. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

124 

[11] ČARNOGURSKÁ, M., PŘÍHODA, M., HAJKR, Z., PYSZKO, R., TOMAN, Z. Thermal effects of a high-pressure 
spray descaling process. Materiali in Tehnologije. 2014, vol. 48, issue 3, pp. 389-394. 

[12] FARRUGIA, D., FEDORCIUC-ONISA, C., STEER, M. Investigation into mechanisms of heat losses and 
mechanical descalability during high pressure water descaling. In: 12th, International conference on metal 
forming; Metal forming 2008. Ostrava: TANGER, 2008, pp. 397-402. 

[13] HOLLANDER, F. A model to calculate the complete temperature distribution in steel during hot rolling. The 
Journal of the Iron and Steel Institute. 1970, vol. 208, pp. 46-74. 

[14] CHOI, J.W., CHOI, J.W. Convective heat transfer coefficient for high pressure water jet. ISIJ International. 2002, 
vol. 42, issue 3, pp. 283-289. doi: 10.2355/isijinternational.42.283. 

[15] HORSKÝ, J., RAUDENSKÝ, M., POHANKA, M. Experimental study of heat transfer in hot rolling and continuous 
casting. In Materials Science Forum. 2005, vol. 473-474, pp. 347-354. doi: 10.4028/www.scientific.net/MSF.473-
474.347. 

[16] BERGMAN, T. L., LAVINE, A. S., INCROPERA, F. P., DEWITT, D. P. Fundamentals of Heat and Mass Transfer, 

7th Edition. John Wiley & Sons, 2011. 

[17] HNÍZDIL, M., CHABIČOVSKÝ, M., RAUDENSKÝ, M. Influence of the impact angle and pressure on the spray 
cooling of vertically moving hot steel surfaces. Materiali in Tehnologije. 2015, vol. 49, issue 3, pp. 333-336. doi: 
10.17222/mit.2013.239. 

[18] KRZYZANOWSKI, M., BEYNON, J.H. Modelling the boundary conditions for thermo-mechanical processing-oxide 
scale behaviour and composition effects. Modelling and Simulation in Materials Science and Engineering. 2000, 
vol. 8, issue 6, pp. 927-945. doi: 10.1088/0965-0393/8/6/312. 

[19] RAUDENSKÝ, M., CHABIČOVSKÝ, M., HRABOVSKÝ, J. Impact of oxide scale on heat treatment of steels. In: 
METAL 2014 - 23rd International Conference on Metallurgy and Materials. Ostrava: TANGER, 2014, pp. 553-558. 

[20] BROŽOVÁ, T., CHABIČOVSKÝ, M., HORSKÝ, J. Influence of the surface roughness on the cooling intensity 
during spray cooling. In: METAL 2016 - 25th Anniversary International Conference on Metallurgy and Material. 
Ostrava: TANGER, 2016, pp. 41-46. 

[21] PETERSON, L. Maximizing impact force from descale headers using CFD analysis. Iron and Steel Technology. 
2016, vol. 13, issue 11, pp. 50-54. 

[22] DA CUNHA, M.A., PAOLINELLI, S.C. Effect of hot rolling temperature on the structure and magnetic properties of 
high permeability non-oriented silicon steel. Steel Research International. 2005, vol. 76, issue 6, pp. 421-425. doi: 
10.1002/srin.200506031. 

[23] VOTAVOVÁ, H., POHANKA, M. Effect of the speed of feedstock on heat transfer coefficient during descaling in 
hot rolling. In: METAL 2017 - 26th International Conference on Metallurgy and Materials. Ostrava: TANGER, 
2017, pp. 567-572. 

[24] POHANKA, M., VOTAVOVÁ, H., RAUDENSKÝ, M., HWANG, J. Y., YOU, J. W., LEE, S. H. The effect of water 
temperature on cooling during high pressure water descaling. Thermal Science. 2017, vol. 22, issue 6, pp. 2965-
2971. doi: 10.2298/TSCI160209163P. 

[25] MATTHEWS, D., HVIID, L., FARRUGIA, D., YATES, P., HIJNE, F. Optimizing hydraulic descaler performance 
through improved monitoring and maintenance. Iron and Steel Technology. 2013, vol. 10, issue 9, pp. 80-88. 

[26] FRICK, J.W. Enhanced accuracy of descaling nozzle arrangements with new, complementary measurement 
methods. In: AISTech - Iron and Steel Technology Conference Proceedings. 2014, vol. 2, pp. 2025-2028. 

[27] SPEICHER, K., STEINBOECK, A., WILD, D., KIEFER, T., KUGI, A. An integrated thermal model of hot rolling. 
Mathematical and Computer Modelling of Dynamical Systems. 2014, vol. 20, issue 1, pp. 66-86. doi: 
10.1080/13873954.2013.809364. 

[28] FRICK, J.W. Optimisation of technologies for hydro-mechanical descaling of steel. Revue de Metallurgie. Cahiers 
D'Informations Techniques. 2009, vol. 106, issue 2, pp. 60-68. doi: 10.1051/metal/2009015. 

[29] KERMANPUR, A., EBNONNASIR, A., YEGANEH, A.R.K., IZADI, J. Artificial neural network modeling of high 
pressure descaling operation in hot strip rolling of steels. ISIJ International. 2008, vol. 48, issue 7, pp. 963-970. 
doi: 10.2355/isijinternational.48.963. 

[30] RAMÍREZ-CUELLAR, J., GUERRERO-MATA, M.P., LEDUC, L.A., COLÁS, R. Modelling descaling during hot 
rolling of steel. Journal De Physique. IV : JP. 2004, vol. 120, pp. 209-215. doi: 10.1051/jp4:2004120024. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

125 

[31] FRICK, J.W. More efficient hydraulic descaling header designs. MPT Metallurgical Plant and Technology 

International. 2004, vol. 27, issue 2, pp. 90-94. 

[32] SILK, N.J. The practical aspects of hydraulic de-scaling. Steel Times International. 2001, vol. 25, issue 7, pp. 38-
41. 

[33] NIPPON KOKAN KK - NKK CORP. Method and Device for Descaling. Japan, B21B45/08, JPH09174137A, 1997-
07-08. 

[34] CHENG PI-KUN, CHINA STEEL CORPORATION, HUANG CHAO-CHI, JU CHUNG-PING, SHIH CHUN-CHAO, 
TUNG KUN-CHENG. Hot rolling high-pressure fluid descaling method and descaling apparatus. US. B08B3/00, 
B21B45/08. US9174256B2. 2015-11-03. 

[35] POHANKA, M., KOTRBÁČEK, P. Design of cooling units for heat treatment. In CZERWINSKI F. Heat treatment 
conventional and applications. Tech. Rijeka, Croatia: InTech, 2012, pp. 1-20. 

[36] KOTRBÁČEK, P., HORSKÝ, J., RAUDENSKÝ, M., POHANKA, M. Influence of parameters of hydraulic descaling 
on temperature losses and surface quality of rolled material. Steel Grips, Journal of steel and related materials. 
2004, vol. 2004, no. 2, pp. 367-370. 

[37] HORSKÝ, J., RAUDENSKÝ, M., VAVREČKA, L. Experimental study of hydraulic descaling. In HEFAT 2007. Sun 
City, South Africa, 2007, pp. 1-8. 

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

126 

LEACHING OF STEEL-MAKING WASTES IN ORGANIC ACIDS 

1Šárka LANGOVÁ, 1Dalibor MATÝSEK 

1VŠB - Technical University of Ostrava, 17. listopadu 15/2172, Ostrava 708 33, Czech Republic, EU, 

sarka.langova@vsb.cz, dalibor.matysek@vsb.cz 

https://doi.org/10.37904/metal.2020.3440 

Abstract 

Steelmaking dust and sludge are hazardous waste materials containing leachable compounds of zinc, lead, 
cadmium, and other environmentally harmful elements. In this study, acetic and butyric acid were used as 
leaching reagents to remove easily soluble zincite selectively. The effect of the acid concentration, liquid/solid 
ratio, temperature and time on the metal extraction and selectivity were studied. The results for the acetic and 
butyric are similar. Zincite can be selectively removed using diluted acids. Most of calcium was also leached.  
Zinc ferrite remained in the solid residuum. The selectivity decreases with the increasing time, temperature 
and acid concentration. The leach liquor can be used for the preparation of nanomaterials for photocatalysis. 
The solid residue will be studied using the electrochemical methods and thermal analysis with the view of 
finding some application. 

Keywords: Steel-making wastes, acetic acid, leaching, zinc 

1. INTRODUCTION 

Steel-making wastes contain zinc either in the form of an easily soluble zincite ZnO or hardly soluble zinc 
ferrite. Because of the easily leachable heavy metals as zinc, lead, cadmium etc. they are classified as the 
hazardous wastes. If these materials are leached at the atmospheric pressure, zincite can be dissolved in 
NaOH [1], NH4Cl, (NH4)2CO3 [2,3]. Zinc ferrite remains in the solid residue. During the acid leaching, e.g. in 
hydrochloric or sulphuric acid, zinc ferrite can be dissolved, too, but iron is also contained in the solution [4-6]. 
Zinc can be produced by the electrolysis. More noble metals as cadmium or lead can be removed by 
cementation. Iron must be precipitated e.g. in the form of jarosite, goethite or hematite or extracted by various 
organic agents. Good results were obtained in [7] using butyric acid but this compound is very expensive. Zinc 
can be gained from zinc ferrite under the elevated pressure [8] or by roasting [9,10]. Both processes are high-
priced. Zinc ferrite is widely studied as a component of a hybrid nanocomposite that exhibits 
superparamagnetism and for catalyzing a variety of chemical reactions [11,12]. Metallurgical waste could be 
a source of this material. The aim of this study was to obtain the leach liquor containing as much as possible 
of zinc and as few as possible of iron. Acetic acid was chosen because zinc acetate is often used for the 
preparation of nanomaterials. 

2. EXPERIMENTAL 

2.1. Materials and methods 

Most of the leaching experiments were carried out at the ambient temperature (22±2°C) in a shaker at 180 
rpm. Several experiments were performed at the elevated temperature. 0.1 g of zinc ferrite ZnFe2O4 or of the 
dried steel-making sludge from the oxygen open hearth furnace was used for the leaching experiments. The 
particle size was less than 0.1 mm. The solutions of the acetic and butyric acid of various concentration and 
volume were used. Acetic acid was chosen a cheap leaching agent and butyric acid was tested because of 
the high selectivity obtained in [7]. The content of the monitored elements was determined using AAS (Varian 
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AA280FS) and is shown in Table 1. All other elements were less than 1 %. The semi-quantitative mineralogical 
analysis was performed using X-ray diffraction on Bruker-AXS D8 Advance analyzer (Germany). For 
quantification, the Rietveld analysis in the program Bruker - Topas, version 5 was used. 

Table 1 Chemical composition of the steel-making sludge (wt.%) 

Zn Fe Pb Cd Mg Ca Mn Cr 

9.5 54.0 0.72 0.01 0.33 0.65 0.91 0.07 

3. RESULTS AND DISCUSSION 

Figure 1 presents the influence of the acetic acid concentration on zinc extraction and the selectivity, which is 
defined as the ratio of zinc and iron extraction. Zinc from zincite can be dissolved more easily than iron in 
several forms so the selectivity decreases with the increasing acid concentration. Only a few of experiments 
were carried out with butyric acid. These results were similar (Figure 2). If the liquid/solid ratio increases, zinc 
extraction rises until zincite is dissolved (Figure 3). Then iron extraction increases and selectivity falls. In case 
the same amount of substance of acid is available and it is sufficient for zincite dissolution, then zinc extraction 
is almost independent on time and acid concentration. On the other hand, selectivity decreases with increasing 
time and increasing acid concentration (Figure 4). The leach liquors contained also small amount of calcium, 
lead, cadmium, magnesium, manganese and chromium. Figures 5 and 6 show that no significant improvement 
was reached using butyric acid. This chemical is very expensive and it is not suitable for the wider application.  

 

Figure 1 Concentration dependence of metal extraction from the sludge in 50 ml of acetic acid after 3 hours 

 

Figure 2 Concentration dependence of metal extraction from the sludge in 50 ml of butyric acid after 3 hours 
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Figure 3 Effect of the liquid/solid ratio on metal extraction from the sludge and on selectivity after 3 h in 

0.01 M acetic acid 

 
Figure 4 Time dependence of metal extraction from of TF sludge in acetic acid - 10 ml of 0.05M acid; 50 ml 

of 0.01 M acid 

 
Figure 5 Leaching of the sludge in 0.01 M acid at 22°C after 2 hours 
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Figure 6 Leaching of the sludge in 0.01 M acid at 22°C after 2 hours 

The mineralogical composition of the sludge and the solid residue obtained by 0.01M CH3COOH leaching at 
liquid/solid ratio of 250 is shown in Table 2. Zincite is completely removed and more than 99 % of iron remains 
in the solid residue. 

Table 2 Mineralogical composition of the sludge and the solid residue obtained by 0.01 M CH3COOH leaching 
  (wt.%) 

 Sludge Residue 

Magnetite 35 40 

Wuestite 4 5 

Hematite 3 3 

Franklinite 52 50 

Zincite 5 0 

Graphite 1 2 

Only a small part of zinc ferrite can be dissolved in acetic acid (Figure 7). The compound probably contains 
some portion of ZnO and so the selectivity is greater than 1. Ferric acetate is almost insoluble in water so it 
may precipitate after the zinc ferrite dissolution. 

 
Figure 7 Concentration dependence of metal extraction from ZnFe2O4 in 50 ml of acetic acid after 3 hours 
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4. CONCLUSION 

Acetic and butyric acid were used for leaching of the steel-making sludge and zinc ferrite. Zinc contained in 
zincite can be extracted almost selectively using diluted acetic acid. The selectivity decreases with the 
increasing acid concentration, increasing liquid/solid ratio and time. The best results were obtained for 0.01 M 
acetic acid, solid/liquid ratio 250-500 and1-3 hours. No significant improvement was reached using butyric 
acid. Preliminary experiments suggest that the leach liquor can be used for the preparation of photocatalyst. 
The solid residue consists mainly of zinc ferrite and magnetite. This material will be studied with the view of 
preparation of hybrid nanocomposites with special magnetic properties and of catalysts.  
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Abstract 

The article deals with the determination of sulphur contents in different types of foundry furan no-bake reclaims 
from different suppliers using two different methods - combustion elemental analysis and gravimetrically. The 
first of these methods is the standard fast instrumental method. The work aimed to prove if it could be replaced 
by the method of traditional analysis, which does not have high demands on instruments.  

Keywords: Furan no-bake, reclamation, sand, determination of sulphur content 

1. INTRODUCTION 

Using furan no-bake (FNB) mixtures started in the 1950s. The popularity of these mixtures increased in the 
1980s, making them one of the most widely used resin binders. It is currently the best-selling no-bake system 
in the world [1]. This no-bake mixture consists of three components. It is composed of an acid catalyst together 
with a reactive furan binder (resin) and sand. The dark-coloured liquid resin acts as a binder for the sand 
particles and the catalyst [2]. Optimal process operating temperatures range from 10 to 30 °C. The amount of 
furan binder used usually ranges from 0.8 and 1.1 %, based on the weight of the sand and the kind of the 
sand. The amount of catalyst ranges from 20 to 60 % of the binder weight. 

Moulds/cores made of FNB mixture have high dimensional stability, which allows reducing the production cycle 
time of the moulds/cores, casting respectively. It saves costs associated with machining, work and energy. 
Other favourable properties include curing speed, strength, high dimensional accuracy, fast toughness, high 
production efficiency, excellent surface finish and low labour intensity [3].  

The production of core mixtures based on furan also shows some adverse impacts on the environment and 
the surroundings [4,5]. It is accompanied by the formation of undesirable by-products (e.g. emissions, solid 
waste), which must be recovered, recycled (reclaimed), treated or disposed of. Reclamation of the moulding 
mixture remains a priority, as it forms the largest volume of waste [6]. 

Reclamation aims for cleaning the sand from binder residues and other undesirable components (fine and 
dusty fractions of the sand) and thus obtaining sand of the original grain size and purity. Successful reclamation 
requires specific steps for the particular system. The reclamation must be so intensive as to remove both the 
binder residues adhering to the grains and the harmful components which are undesirable when the reclaim 
is reused [7]. In practice, three main reclamation processes are used: mechanical reclamation, thermal 
reclamation and wet reclamation [8]. In the case of organic binders application, thermal reclamation is most 
advantageous because it removes a large amount of organic binder. This method uses high temperatures 
(from 450 up to 800 ºC based on binder system) with the recoverability of up to 98 % of quality sand. In addition 
to the optimal removal of organic substances, it also ensures a substantial reduction in the content of 
undesirable nitrogen and sulphur. However, this variant is the most financially demanding, which is why less 
expensive mechanical reclamation is used [9]. 

Sulphur is present in furan catalysts [10]. Organic sulphur-based acids (PTSA, BSA and XSA) are commonly 
used, and winter catalysts are then supplemented with sulphuric acid. Its high content in a reclaim (above 
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about 0.15 %) can cause the release of modification magnesium in the production of spheroidal graphite cast 
iron. Magnesium sulphide is formed (magnesium has a higher affinity for sulphur); therefore, the shape 
of spheroidal graphite is degraded close to casting surface (the surface of the casting has the characteristic of 
LLG, not LKG). Degradation of graphite in the surface layer is most important for thin-walled castings, where 
more than 10 % of the total surface of the casting degrades [11]. Sulphur dioxide is formed during casting, 
which degrades the working environment and can be a source of casting gas defects (exogenous bubbles). 
The total sulphur content in the reclaimed sand should not exceed 0.15 weight %. Under optimal conditions, 
exceeding this value can have a negative effect on the casting [10,12]. 

2. EXPERIMENTAL MATERIAL 

Six samples of mechanically reclaimed sand (FNB reclaim) were taken from the foundry production; sampling 
was taking place over a period of two years (the study of the effect of different catalysts with different free 
sulphur content). The analysed furan reclaim was a granular, black, heterogeneous material (Figure 1). 
The individual samples differed in colour, grain size and chemical composition. Different binders, sands and 
catalysts were used in the preparation of the mixtures (see Table 1). The catalysts contained sulphuric acid, 
methylbenzenesulphonic acid, p-toluenesulphonic acid and xylenesulphonic acid. The exact chemical 
composition determined from the safety data sheets of the individual catalysts used is given in the table 
(Table 2). 

 

Figure 1 Furan reclaim (Sample 1) 

Table 1 Overview of samples with dates of their collection from the foundry 

Sample 
number 

Sample 
identification 

Binder identification 
Hardener 

identification 
Transverse 

Strength after 24 h 

1 12. 9. 2016 Askuran FH 040  Aktivator 100T5D  2.00 MPa 

2 12. 6. 2017 Kaltharz X850 M1  Aktivator 100T5D  1.60 MPa 

3 27. 7. 2017 Cesafur 2138  Aktivator 100T5D  2.07 MPa 

4 15. 9. 2017 Cesafur 2138  Aktivator 100T5D  1.87 MPa 

5 22. 11. 2017 Permaset 841  Aktivator 100T3  1.93 MPa 

6 16. 02. 2018 Kaltharz X850 TN012  Aktivator 100T3 2.01 MPa 
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Table 2  Chemical composition of activators 

Activator name Name of the substance contained Content in weight per cent 

Aktivator 100 T3  
p-toluenesulphonic acid <65 

sulphuric acid <2 

Aktivator 100 T5D  
methylbenzenesulphonic acid <60 

sulphuric acid <1.9 

Aktivator 500 T1  

p-toluenesulphonic acid 35-45 

xylenesulphonic acid 25-35 

sulphuric acid <3 

3. EXPERIMENTAL METHODS 

This paper compares two methods for the determination of sulphur in furan reclaim: the commonly used 
instrumental method - combustion elemental analysis and the gravimetric method. 

The determination of the sulphur content in the induction furnace of a combustion elemental analyser (EA) is 
one of the most sensitive and accurate methods. The ELTA CS 2000 Analyser was used for this purpose. It is 
possible to determine the total sulphur (and simultaneously also carbon) content in steels, cast irons, non-
ferrous alloys [13], slags, but also organic materials [14] and nanomaterials [15]. 

When determining sulphur gravimetrically, the mineralisation of organic compounds is performed first, 
i.e. conversion of organically bound sulphur into sulphates, then barium sulphate (BaSO4) is precipitated from 
the acid medium with a solution of barium chloride (BaCl2) according to the equation:  
SO4-2 + 2BaCl2 = BaSO4 + 2Cl-. 

4. RESULTS AND DISCUSSION 

Combustion elemental analysis is a method standardly used to determine the sulphur contents of foundry 
products. One of the aims of the research was to verify the repeatability of the determination. Therefore, 
the samples were measured repeatedly (10x) over two years, and the homogeneity (presence of outliers), 
normality and independence of the data were assessed. The QC Expert software, the “Basic Statistics” 
module, was used for statistical evaluation. With the exception of Sample 1 (Table 3), all measurements 
showed normality, homogeneity and independence of data.  

Table 3 The sulphur content of samples determined by combustion method - Sample 1 

Date of sampling Date of measurement Sulphur content of the sample (wt.%) 

12. 9. 2016 

25. 8. 2017  

0.133 

0.077 

0.104 

0.125 

0.119 

15. 2. 2018  

0.142 

0.124 

0.129 

0.115 

0.121 

Average 0.119 

Average after omitting the outliers 0.124 
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Figure 2 shows, for example, the probability density curve for Sample 1. From this graph, it is possible 
to assess the consensus with the normal distribution. The red curve shows the distribution of the measured 
values. The green curve shows the normal distribution. The graph shows that the curve from the measured 
values (red) is higher than the model curve (green), which shows a high concentration of values in the same 
area. The measured values are more concentrated in the right part of the function, so it is a right-hand kurtosis 
distribution. Extreme values appear in the left part; outliers are reflected by this sign. 

 

Figure 2 Probability density - QC Expert software, module “Basic statistics”, results of determination 
of sulphur content in Sample 1 by combustion elemental analysis 

 

Figure 3 A scatter plot with quantiles - QC Expert software, module “Basic statistics”, results 
of determination of sulphur content in Sample 1 by combustion elemental analysis 

Figure 3 shows a scatter plot with quantiles for Sample 1. The slight asymmetry of quantum rectangles 
indicates an asymmetric distribution. This plot consists of 3 quantile rectangles: quantile (smallest), octile 
(medium) and sedecile rectangle (largest). Two points that lie outside the largest rectangle were indicated 
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as suspected outliers. These points (0.077 and 0.142 weight %) were subjected to the Dean-Dixon test, and it 
was shown that the maximum value is not outliers, but the value 0.077 is outliers. Therefore, this value (marked 
in red in Table 3) was omitted from the data for further statistical analysis (see Table 3). If this value is omitted, 
the data can be considered homogeneous, independent and showing a Gaussian distribution (data normality 
confirmed). 

The second fundamental task was to assess the possibility of replacing combustion elemental analysis with 
the method of traditional analysis, which is much more time consuming but does not require any special 
instrumental equipment. 

The following table (Table 4) shows the average values determined by both methods. These results were 
again subjected to statistical testing using QC Expert software - “Comparison of two selections - Pairwise 
comparison”, and it was found that the differences between the two methods are statistically significant and 
the gravimetric method cannot replace combustion elemental analysis. These results are also graphically 
confirmed by Figure 4, which shows a correlation graph. The blue line shows the relationship between 
the results of both methods, the red line shows the unit directive, i.e. the equation q � r, for the theoretical 

case, if the results of both methods were completely equal. 

Table 4 Comparison of sulphur determination results by selected methods 

Sample number 
Sulphur content in the sample (wt. %) The difference 

between the results of 
the methods used EA Gravimetry 

1 0.124 0.13 5 % 

2 0.104 0.12 15 % 

3 0.120 0.14 17 % 

4 0.112 0.14 25 % 

5 0.126 0.17 35 % 

6 0.136 0.17 25 % 

average - - 20 % 

 

Figure 4 Correlation graph - Comparison of results of combustion elemental analysis and gravimetry 
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5. CONCLUSION 

The main goal of this work was to design and verify a method for determining the sulphur content in furan no-
bake reclaim with respect to its usability in foundries. 

In practice, combustion elemental analysis is used to determine the sulphur content of the FNB reclaim. This 
method is the most accurate and sensitive. It is also the fastest option in terms of time savings. One of the aims 
of the work was to assess whether it could be replaced by a gravimetric method, which is not demanding with 
respect to the instrumental equipment of the laboratory. Six samples of furan reclaims were analysed. Based 
on the performed analyses and statistical evaluation, it can be said that the methods do not show statistically 
identical results and that, therefore, the combustion method cannot be replaced by a gravimetric one. The 
gravimetric method showed higher values for all six samples. This can be caused, for example, by an error in 
the measurement, since the gravimetric method contains a lot of partial steps before the determination takes 
place. 

The resulting data show that the proportion of sulphur in the reclaim gradually increases (except for the first 
sampling). This may be due to the changing catalyst along with changes in the temperature during the season. 
In the winter months, the reclaim contains more sulphur. This is due to the increased addition of sulphuric acid 
to the mixture during the winter months. 
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Abstract 

The design of the individual components of the systems with lances for high-temperature reactors significantly 
influences their proper functioning and the course of the technological process on which the quality of the 
resulting product depends. The lance systems intended for the high-temperature reactors are designed for gas 
blowing of various, especially gaseous media. From their proper functioning, they are probably the most critical 
elements through which the medium is directly blown to the reactor workspace, i.e. the lances. The lances 
provide the required parameters of the blown medium directly in the reactor working area and thus the correct 
course of the ongoing technological process. For the correct operation of the lances, it is important not only to 
comply with the required parameters of the supplied medium but above all pay attention to the design of the 
lance itself (the blowing element), which ensures the required parameters and functions of the lance. As for 
the dimensions of the lances, we are able to design these based on calculation relationships that are based 
on the fluid flows and their relations. However, feedback is very important for designers, i.e. verifying whether 
the designed lance works as the designer intended it to work. From this point of view, the designers are helped 
by experimental research, in which it is possible to visualize these lance outflows and, if necessary, measure 
the assessing quantities of currents outflowing from the lances. This paper focuses on the possibilities to 
analyse the structure of gas outflow jet employing the gas flow visualization.  

Keywords: Gas blowing, lance outflows, lance, gas flow visualization 

1. INTRODUCTION 

To analyse the structure of the outflow jet from the lance head, in addition to knowledge of data on changes in 
flow parameters obtained numerically, the experimental research is vital, providing both the possibility of 
feedback and verification of the designed lance structure and its functionality and necessary information for 
the design and processing of the lance. This experimental research consists of measurements provided for 
the evaluative quantities which characterize these currents and from gas flow visualization.  

Depending on the nature of the individual determining quantities layout, it is possible, e.g. when we consider 
a metallurgical heat aggregate, determine the dynamic effect of the jet on the workspace (bath), change in the 
concentration of the blown gas and the most suitable position of the lance to increase its service life while 
reducing the wear of the lining in the corresponding heat aggregate. On the outflow jets flowing from the lances, 
we can analyse parameters significantly influencing the lance or nozzle design intended for a given purpose, 
for example: 

 Interaction of outflow jets in multi-hole lances, 

 Length of the supersonic current core, 

 The angle of outflow jets extension depending on a nozzle geometry, 

 Effect of the nozzle shape on the outflow jet parameters, 
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 Profiling the nozzles. 

The perfect qualitative picture of free outflow jets is offered by methods of gas flow visualization. By analysing 
shadow and schlieren images, characteristic cross-sections can be determined, in which we then can 
determine the distribution of the assessment quantities using quantitative contact measurement, or using 
optical methods such as traditional interferometry or holographic interferometry [1]. Experimental 
measurements can be carried out on models, but also on the real system. Measurement on models allows you 
to analyze various alternative solutions with significantly lower costs. By comparing measurements on models 
with real-system measurements, it has been shown that the results of model research can be fully applied to 
the real system. 

2. METHODS APPLICABLE FOR THE GAS FLOW VISUALIZATION  

For visualization of gas outflow jets, the optical visualization methods are used with many benefits, which are 
used in many other sectors of research activities. These methods are particularly advantageous because the 
phenomena examined are not influenced by measuring sensors. Furthermore, both visual perception of the 
phenomenon under examination and qualitative and quantitative analysis of the noticed results can be 
provided. One of the most sensitive, and one could say the most common methods, is the shadow and 
Schlieren method [2], [3], [4]. Both methods are based on changing the light refractive index in the environment 
under examination. This change is due to the existence of two or more different substances in the environment 
analyzed, or in the case of one substance under review by changing the density of the substance due to a 
change in pressure or temperature. The relationship between the light refraction index and density can be 
described for gaseous substances and with sufficient accuracy by applying the Lorenz-Lorentz Law [5]. 

s��
s�0� . 
t � AuZ=N.              (1) 

where: 

k - the refractive index (1) 

ρ - the density (kg.m-3) 

If we consider the value of the refractive index very close to one (k→1), the relationship can be then simplified 
to 

Ss�
Tt � AuZ=N.              (2) 

which is the law of Gladston-Dale [6]. 

The shadowgraph method scheme is shown in Figure 1. The ray passing through the nonhomogeneity in the 
layer under investigation is deflected in planes xy and xz with angles given by equations (3) and (4). 

NvKw � x 
s . ysyw �r              (3) 

NvK� � x 
s . ysy� �r              (4) 

where: 

εy - the deflection angle in planes xy (0) 

εz - the deflection angle in planes xz (0) 
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a) - free flow, b) - hollow mirror, c) - display plane, d) - spot light source 

Figure 1 Shadowgraph method scheme 

The rays passing through the area in which the density gradient is stable (the second density derivation equals 
to zero) is diverted by the same angle and, therefore, does not alter the lighting shield. In a place where the 
second density derivation is more than zero, the light rays diverge, and the lighting shield is reduced. On the 
contrary, in a space with a negative second density derivation, the rays converge and the lighting of the 
corresponding place on the shield increases. 

Therefore, the change in the lighting shield is proportional to the second density derivation, where the constant 
value is determined by the geometry of the assembly and the value of the refractive index of the substance - 
see equation (5). 

∆zz � AuZ=N. y�tyw� � y�ty��             (5) 

where: 

E   the lighting, (lighting intensity) (lx) 

ΔE   the change in lighting (lighting intensity) (lx). 

This method is suitable for displaying sharp changes in density, i.e. especially for impact waves and swirling 
areas. 

 

a) - free flow, b) - hollow mirror, c) - display plane, d) - spot light source, e) - screen for a classic black and 
white method, f) - screen for colour method, g) - optical knife, h) - colour segmental filter 

Figure 2 Scheme of the Schlieren method 
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The diagram of the Schlieren method is shown in Figure 2. The rays passing through the nonhomogeneity of 
the refractive index are again diffracted by angles given by the equations, as indicated in the shadowgraph 
method. The rays, previously passing outside the knife, are now stopped by a knife and some of the rays 
originally detained by the knife are now passing over its blade. The result is a display of nonhomogeneity on 
the shield, on which an image of the measuring space is also created. The change in the shield lightning here 
is proportional to the first density derivation and is affected by the geometry of the assembly and the insertion 
of the optical knife (Foucault knife) g. The Schlieren method is suitable for displaying weak density changes. 

Figure 3 is an example of an optical device solution [7] with which you can measure the shadowgraph method, 
classic and coloured Schlieren method, for which a colour segment filter is used instead of an optical knife. 
Thanks to it, the rays diffracted downwards in the picture are coloured in red, the rays diffracted upwards in 
blue, to the left - in green, and to the right - in yellow. Instead of a slit screen, for a colour Schlieren method, a 
screen with a hole is used, in which the image fits just into the colour segment filter viewport. From a colour 
photo, you can consider the directions and significations of changes in density gradients. 

   
Figure 3 Alternative solution of optical equipment [7] 

3. SELECTED RESULTS OF THE OUTFLOW JETS VISUALISATION 

For the outflow jets visualisation were used the above-described methods. Below a representative selection 
of the outflow jets from lance (lance individual tuyeres) is displayed. Figure 4 shows pictures of the lance 
outflow jet structure at different total presses in front of the lance (nozzle). 

 

p0=0.294 MPa 

 

p0=0.687 MPa 

 

p0=0.971 MPa 

Figure 4 Photos are taken using the colour Schlieren method [7] 
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The submitted photos were taken using a colour Schlieren method. When comparing the structure of individual 
outflow jets, there are visible changes through which the current passes when the total pressure p0 is gradually 
increasing in front of the lance.  

For comparison of black and white images for each method of outflow jet visualization, we also include the 
Figure 5 A,B, taken by the Schlieren and shadowgraph methods, for the highest pressure in front of the lance 
nozzles reaching p0 =0.971 MPa.  

                   

A - Black and white Schlieren method B - Shadowgraph method 

Figure 5 Black and white images for p0=0.971 MPa [7] 

4. CONCLUSION 

The design of individual components of the lance systems, especially the lance heads, significantly affects 
their proper functioning and the course of the technological process in high-temperature reactors. For flawless 
lance operation, it is important to observe the required parameters for the blown medium in front of the lance 
itself, as well as the design of the lance and individual nozzles. As regards the dimensions of lances and 
nozzles themselves, these can be designed based on calculation relationships that describe the correlation 
between the geometric dimensions of lances and nozzles and the individual state values. The possibility of 
verifying the real parameters of outflow jets from lances and nozzles gives designers valuable feedback based 
on which it is possible to correct future designs of individual components for the gas flow systems.  

The possibility and means of visualization of the outflow jets allow this feedback to be realized to obtain 
valuable information about the real behaviour of a particular lance or nozzle design. Based on the analysis of 
the visualization results, it is possible to determine the points in which it is possible to measure the real values 
of the current state values.  
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Abstract 

Iron metallurgy is one of the most iconic achievements of early human history. It surely forged the future. Metal 
that is used mostly in the world is still iron. The demand for it was and still is increasing significantly. And it is 
for sure that in its earliest times iron was crucial for everybody that could afford it. 

The paper presents the basic and historical adaptation of iron making. This is a method known and used by 
smiths since the 4th century B.C. the La Tène period and used until at least the 18th century. This paper 
rounds down the basics of the historical iron making and supplies of materials that are needed to do so. One 
part of the paper will talk about the actual making of bloomer iron. Another one about processing the bloomer 
lump into a more workable piece of wrought iron. The last part will be focused on ceramic pipes used for air 
distribution in La Téne furnaces.  

In conclusion, the paper will be focused on the actual real-life experiments that were made to correspond with 
the historical and archaeological findings. As the name suggests, archaeometallurgy is the metallurgy of the 
ages long forgotten. 

Keywords: Ferrous metallurgy, wrought iron, history, archaeometallurgy, technologies 

1. INTRODUCTION 

The furnaces made in the La Tène period weren´t able to reach high enough temperature to melt iron. The 
method used was a high-temperature iron reduction. This did not melt iron and it didn´t make smelted ingots. 
At the end of the process, at the foundation of the furnace, the bloomer lump of caked pure iron is found. This 
lump was composed of pure iron and impurities. The main impurity is slag, which was a combination mainly of 
calcium and silicate oxides. There was other unwanted content like unburned charcoal and other metals, like 
copper or lead, in various forms. The chemical composition of the bloomer lump was strongly dependent on 
the ore that was used for the metallurgical process. This method of iron making was lengthy and tiring and it 
could take up to 16 hours of hard work. In this time the amount of the iron made was around 5 kilograms. 
Which is not a lot for the given period. 

Even the fact that this technology is very old and not used in these days it is of most importance to know how 
our ancestors did something we now hold as something common and mass-produced. As we know it iron was 
made in the late 19th century. Smelted and made into steel to build from. The iron of the La Tène period is 
called wrought iron. It is steel with low to high carbon content. And it was made by countless welds of the iron 
made in the furnace. The main goal of this paper is to show real experiments of iron making in a copy of the 
La Tène period furnace. 

2. ARCHAEOMETALLURGY 

Archaeometallurgy studies the historical means of metal-making. In this paper, the main focus will be on ferrous 
metallurgy. And the actual ferrous metallurgy of iron reduction and its further processing. Iron ores were used 
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as very potent minerals for crafting tools and weapons [1]. And this even before our ancestors started to use 
it for metallurgy purposes. Meaning reduction in older furnaces a then smelting in blast furnaces. These 
ancestors of the early iron age used actual iron minerals from space. They shaped around 250 t of meteoritic 
stones into weapons and other useful tools [2]. This shows the potency of iron-based minerals and also the 
potency of materials made from them. 

2.1. Iron 

The main source of iron for the La Tène furnace was iron ore. The surface cover of soil and rock was shallow, 
and the deposits easily exploited, probably as open casts. Most of the deposits were even in the open on the 
surface. Even now one can walk the field and find iron ore. The most common iron ores are listed in Table 1 
below. These are mostly probable ores that could be found. 

Table 1 Iron ores  

Mineral Formula Iron weight percentage 

Hematite Fe2O3 70 

Magnetite Fe3O4 72.4 

Limonite 2Fe2O3.3H2O 59.8 

Siderite FeCO3 48.2 

It is very important to properly dry up the ore to remove excess not chemically bonded water. Normally it´s 
done above an open fire in the specially made furnace. Ore is then roasted to remove chemically bounded 
water. This was done in an open fire there is a needed at least a temperature of 300 °C and higher. The last 
preparation step is grinding. Ore is ground to small fraction about 3 millimeters so it can fit in cavities formed 
by the charcoal grain. This step is very important because it allows for proper reduction.  

2.2. Charcoal 

The main source of carbon is charcoal. This commodity holds more than one function. It brings carbon as a 

reducing agent into the process. Charcoal also fulfills the role of the physical frame in the furnace. This frame 

consists of small cavities between actual grains of charcoal. These enable a proper reduction.  

The Source of charcoal in the early periods was a charcoal pile. A charcoal pile is a carefully arranged pile of 

wood. And every possible cranny, cavity, and space is filled with additional wood to utilize the space designated 

for the pile. The erected pile is covered by dirt and straw to form kind of an anaerobic layer. Turf can be used 

as well. This thick outer layer ensured the lack of oxygen that was introduced to the burning process. In the 

center of the pile is a shaft formed by several long sticks plunged in the ground. This shaft is named King. The 

shaft is filled with short pieces of wood and lit. The king is stuffed repeatedly to ensure no cavity is created. 

The pile is tended mostly by two charcoal burners. Wood support is added around the outer perimeter of the 

pile. This betters structural integrity of the outer cover layer. This support was also used as ladder for easier 

access of the top part of the pile. 

The basic chemistry behind charcoal making is the carbonization of wood. The intent is to remove unwanted 

water and other chemicals like CxHy from wood and make charcoal made of mostly pure carbon. The historical 

charcoal pile is shown in Figure 1. The denser wood makes for better and denser charcoal. Denser charcoal 

will provide longer burning time which should accommodate a better result of the reduction. Some of the best 

wood is oak, cedar or even hazel. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

146 

 

Figure 1 Charcoal pile 

2.3. Iron reduction 

The process of reduction is quite lengthy, and it takes some preparation time. First, the furnace is built. It is 

about 1 meter high; bottom diameter is about 40 centimeters and the top diameter is about 20 centimeters and 

it does have an opening at the bottom about 30 centimeters wide and high. This furnace is used often more 

than one time, as long as it holds up.  

The bottom opening of the furnace is then covered with clay forming tag. Through tag goes clay or ceramic 

pipe, also called tuyere, that allows air to be blown inside the furnace with a bellow. Under tuyere is located 

tap hole for the slag to be poured out if needed. 

At the start, the cold furnace is filled up with wood. This step allows wet tag and ceramic pipe to dry up. The 

whole furnace slowly heats up. After this step charcoal is introduced to the furnace. Bellows are blown to heat 

furnace even further. After the working temperature of around 1 350 °C is reached iron ore is started to be fed. 

There is always used a mixed batch of half a kilogram of charcoal and half a kilogram of iron ore. The furnace 

is fed as long as reduction goes on and is possible to do so.  

At the end of the reduction process, the entrance of the furnace breaks open and bloomer lump of iron is 

removed from the furnace. Removing the lump is done very carefully so that the actual furnace is damaged as 

less as possible for further use. But sometimes the iron lump is so broad that the whole furnace must be torn 

apart to remove the bloomer. While still hot, the iron lump is taken to a wooden log and beaten down into a 

denser piece of iron with wooden mauls. The mauling step is crucial because it unites various rifts that are 

present in the bloomer iron lump [3].  

The productivity of this process is about 20 to 40 % meaning that from 12 kilograms at the end genuine iron 

lump measures around 3 to 4 kilograms. And it takes about 16 hours to complete. While still hot after one 

reduction process furnace can be used again right after iron bloomer is removed. This method saves a lot of 

energy and fuel that would be normally used to heat the furnace. At this time furnace can still have around 

300 °C. In Figure 2 it´s illustrated the whole process of iron reduction in the La Tène furnace. The top right 

part shows the end of the charcoal making process. The top left shows the preparation of ore by roasting and 

grinding. The rest of the picture shows chemical processes that are present in the furnace [4]. 
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Figure 2 Reconstruction of La Tène period furnace [4] 

After initial mauling is bloomer taken to specific type of forge. The lump is repeatedly heated and forged into 
more manageable piece. This process welds and homogenizes bloomer lump into iron billet. These billets 
were commonly sold for the further use by blacksmiths. Billets are forged with borax to combine the iron and 
to get rid of all unwanted inclusions. Iron is worked with hammers and drawn out into flat bars. These bars are 
stack up on each other heated up and dusted with borax then heated up once more and forge welded together. 
After few more repetitions the bar of wrought iron is made. But even from raw iron bloomer a tool can be forge. 
This tool will be of bad quality but with proper care it can be a great addition for some basic tasks [5].  
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2.4. Tuyere 

The reason behind using the ceramic tuyere is to the provide oxygen for the heart of the furnace. It is basically 
to get the oxygen inside the main body of reduction. If there is no tuyere the wind that is blown into the furnace 
by the bellows will go by the easiest way and climb the near wall of the furnace, this phenomenon is called the 
wall effect. The tuyere than solves this problem. To cancel the wall, effect the tuyere has to be at least x 
millimeters outside the inner wall, where x is 10% of the actual diameter of the furnace at its bottom. So 
practically speaking there is at least 30 - 40 millimeters of the tuyere needed to ensure good reduction. 

Best results are also achieved by adding some portion of the pipe on the outer part of the wall. From practical 
examples was found out that the best length of the tuyere is about 20 cm if we use standard La Téne furnace 
with the bottom diameter of 40 cm, so half of it. 

The degree of the tuyere plays some role too. It is one of the main parameters of actual success. From practical 
experiments was found out the best results are yielded when tuyere is angled down slightly at the 10 to 30 
degrees. The tuyere could be put in horizontally, but this is going to shorten the reduction column and it is 
overall unpractical. In the most practical experiments is the angle somewhat random, but there is always a 
strong emphasis on the fact that the tuyere is pointing just slightly down [6]. 

3. EXPERIMENT 

Experimental furnaces were built in several locations. From scratch, a basic La Tène period furnace was built 
in Ostrava. This furnace is 80 cm high and 40/20 cm wide. In Figure 3 we can see the process of building. 
The basic groove is dug out as in Figure 3a. Next, the arc of the entrance is erected and the base of the 
furnace is made, as shown in Figure 3b. The furnace is built just a bit higher than the groove as in Figure 3c. 

 

Figure 3 From left to right: a - Dug out groove, b - the arc of the entrance, c - finished furnace. 

This furnace was used for several experimental reductions. These reductions were all successful and yielding 
at least 30 % iron. One reduction batch is in the next Table 2. This reduction process had two taps which is 
somewhat unusual but still within the standard. The process always starts and ends with 3 batches of pure 
charcoal. Ore is added with charcoal simultaneously, half a kilo each. The outgoing bloomer had approximately 
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32 % of iron and weighed around 4 kg. This adds up to 1.28 kg of pure iron and the process of reduction took 
almost 4 hours. Data from this particular reduction are noted in the Table 2. 

Table 2 Table of reduction; n as the amount of ore added (combined with charcoal), C as charcoal (when 
added solely), T as the tap 

t n/C/T t n/C/T t n/C/T t n/C/T t n/C/T 

13:36 C 14:07 1.5 14:51 4 15.26 6 16:04 8 

13:43 C 14:14 2 14:59 4.5 15:34 6.5 16:10 C 

13:52 C 14:18 2.5 15:09 5 15:40 7 16:17 C 

13:53 0.5 14:26 3 15:09 T 15:42 T 16:25 C 

13:57 1 14:37 3.5 15:19 5.5 15:55 7.5 17:20 Fin 

Further experiments are going to be done. Best way to do so is to use different types of ores. When still using 
the same furnace. But this can be tricky because a furnace can manage to hold up for about 10 to 30 reduction 
processes. In the future new and different types of furnaces are going to be built. One which is going to be 
chimney furnace. This type of furnace that is high enough so manual blowing is not required. 

4. CONCLUSION 

There is still a lot what can be found and known about ferrous archaeometallurgy. This paper sums up the 
basics of iron making and shows the proper way to make reduction ready charcoal. Experiment shown 
presents the normal way of furnace making and basic method behind ironmaking itself. Process can be very 
long and unforgiving. Several experiments were disastrous and didn´t yield any success. The reason mostly 
being tuyere. Right tuyere is extremely important and easily most crucial part of the whole reduction process.  
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Abstract 

Granulated blast furnace slag exhibits latent hydraulic properties and its binding properties can be evoked by 

the addition of the alkali activator. Subsequent hydration processes during the setting and hardening processes 

let to origination of the solid products with the mechanical properties comparable or even better than the 

product obtained with ordinary Portland cement. The dominant product of the hydration processes is so called 

C-S-H phase. C-S-H phases are non-crystalline products of hydration with variable composition based on 

CaO, SiO2 and H2O. C-S-H phases are responsible for good mechanical properties of the hydrated products. 

The paper deals with the effect of the addition of the synthetically produced C-S-H phases on the hydration 

processes of granulated blast furnace slag. C-S-H phases were synthesized using the sol-gel method and 

were added to the granulated slag at the beginning of its hydration with the role of the nuclei of the phases 

responsible for strength of the final hydrated products. The mechanical properties as well as the development 

of the porous structure of hydrated products were used for the evaluation of the effect of the nuclei addition on 

the hydration process. It was proved that the addition of the synthetically prepared C-S-H nuclei has a positive 

effect on the development of the mechanical properties of alkali activated blast furnace slag, especially during 

the initial period of hardening. 

Keywords: Granulated blast furnace slag, alkali activation, C-S-H phase 

1. INTRODUCTION 

Latent hydraulic materials can be used as an alternative to traditional hydraulic binders. These materials are 

not able to react with water on their own, but they need so called activators for hydration resulting in products 

of similar properties like hydrating materials. The main requirement on these materials is that all or at least 

basic parts of SiO2 and Al2O3 from raw materials should be in non-crystalline (reactive) form.  A material may 

or may not contains a significant amount of CaO. Other accompanying oxides can be also included. Main raw 

materials for alkali activation seem to be relatively abundant latent hydraulic materials - metallurgical slags. 

These systems are typical for their high amount of glassy phase. By their blending with alkaline solutions 

hydraulic systems form, which solidify and harden [1], [2], [3]. A granulated blast furnace slag (GBFS) perfectly 

fulfils conditions for alkali activation.  The slag contains about 40 wt. % of SiO2 which results in its certain 

amorphous character after its fast cooling down. A slag is commonly used as a valuable ingredient in cement 

production. In this product slag refills development of required phases in combination with Portland clinker.  

Apart from this application, lots of researches focusing on activation of slag on its own, where the activator of 

hydraulic ability is soluble blend of alkali silicates, most often a water glass.        
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In the process of alkali activation, a disconnection of strong bond between aluminous and siliceous 

tetrahedrons in primary material occurs at first. This is caused by highly alkaline environment, where created 

ionic remains transform to liquid state. In next step new react products forms, which results in solidification and 

hardening. When initial material contains expect SiO2 and Al2O3 also significantly bigger amount of CaO (e.g. 

GBFS), C-S-H phases are main reaction products with considerable amount of tied Al3+ and adsorbed 

alkalines. N opposite case, when was used system with zero or very small amount of CaO (e.g. based on 

metakaolin), mainly amorphous products form similar to natural zeolites [2], [4], [5], [6].  

Essential functional parameters of harden binder or composite material are their strength characteristics, 

especially compressive strength, also alkali environment resistance. These criteria strongly depend on 

arrangement of hydrated system, which is evaluated as a porosity. Harden cement binder then contain three 

types of pores [3]. Gel pores, with medium size of several nm. Capillary pores, with size of 1-10 μm and macro 

pores, with size of mm. 

Knowledge of alkali activated materials microstructure is significant. Mechanical strength of binder definitely 

related to its composition, network of pores plays a significant role for determination of its lifetime. Main 

degradation mechanisms of alkali activated binders conclude interaction of aggressive agents. When these 

systems are porous a bit or non-porous, aggressive agents cannot get into material and damage a chemical 

structure or cause corrosion of input reinforce [4], [7].     

An obvious relationship with porosity of matters has a compressive strength - lower porosity means higher 

strength and vice versa. At the same time the porosity also closely involved with corrosion behaviour of matters.  

An evolution of structure of hydrated material depends on nucleation and consequent growth of crystals. 

Nucleation from homogenous environment indicates formation of aggregates, of which sizes will be 

nanometric. In this case, formation of these nuclease is connected with creation of new phase interphase. 

Transport of molecules from original homogenous phase to new stable phase (e.g. from liquid to crystal) is 

connected with decrease of Gibbs energy of system, whereas process of formation of new phase interphase 

is connected with increase of Gibbs energy of system. Sum of these two parts has maximal ΔG* at critical size 

of nuclei. About real nuclei can be talked only when creates the structure of that size, which is able to grow 

more at lower total Gibbs energy [3].  

A value of energetic barrier ΔG* can be decreased by a presence of foreign surface in system, which can be 

mainly purposely introduced particles. In such cases it is a heterogeneous nucleation. Today, it is used in 

some technologies (e.g. production of glass-ceramics). Nuclease, which are oversized, they grow thanks to 

supply of matter from neighbourhood. The speed of this growth is given by a sum of the speed of surface 

process, which step into a structure of new phase and the speed of matters creating a new phase achieves a 

surface of nuclease. An important role plays also temperature affecting diffusion processes [3]. 

Researches carried out on field of improvement of properties of harden binders and composites are oriented 

on so called nano-cements and nano-concretes, for example [8]. More compact microstructure is formed due 

to addition of very fine grain particles, e.g. nano-silica, nano-TiO2, nano-montmorillonite, etc. This type of 

process can vary, nano-particles can fulfil an active, as well as a non-active role.   

In the case of cements, and pozzolans as well, it can be interesting option an acceleration of reaction in initial 

stages of hydration by adding of crystallization nuclei. These nuclei will provide conditions for faster nucleation 

of neoplasms, they also create stronger grows together among them, more idyllic overgrowing of basic 

skeleton matter of microstructure and following refiling by calcium silicate hydrated gel, also they can be an 

active reactant in forming mineral ettringite. For example, it can be recommended an option of preparation of 

crystallization nuclei by fast cooling down of Portland clinker in water from about 1400 °C to 50 -100 °C with 

following isothermal staying. During this process, xonolite is created, which forms suitable crystallization nuclei 

at hydration of cement [4], [9]. 
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2. EXPERIMENT AND DISCUSSION 

This work consists in research of microstructure of harden alkali activated systems based on granulated blast 
furnace slag which are modified by addition of synthetically prepared nucleating agent, which are nano 
particles of C-S-H phases (where C - CaO, S - SiO2, H - H2O), which were created by sol-gel technique through 
a solution. These nucleating agents are able to affect kinetics and degree of formation of bonding C-S-H phase, 
which arise from hydration in alkali activated system of granulated blast furnace slag and thus a final porosity 
of product. Phases C-S-H are described very well in the case of hydrated Portland cement, where are 
responsible for the strength of this product [9]. Phases C-S-H emerge also during hydration of granulated blast 
furnace slag from the effect of alkali activator, they create a dominant part in given product, another present 
phase are geopolymer structures [10]. A development of C-S-H phases is gradual in the case of granulated 
blast furnace slag. Presented work aims at support of their formation and speeding the process.      

2.1. Raw materials 

Raw materials used for observing of effects of nucleating agent on structure of alkali activated matters were 
granulated blast furnace slag, solution of water glass and C-S-H phases. Solution of water glass was treated 
on silicate modulus MS = 2.0 by 50 % solution of NaOH. C-S-H phases were prepared in laboratory (from 
powdered hydrous sodium disilicate, calcium nitrate tetrahydrate and distilled water by the method through a 
solution, in chosen concentration 0.75 and 5 wt.% of nucleating agent) and leaved for aging for 7 and 28 days 
in closed bottle at ambient temperature. 

2.2. Specification of C-S-H colloidal solution 

Above mentioned matters were mutually homogenized in amount guaranteeing required concentrations at 
ambient temperature for a one hour, when nuclei of C-S-H phases instantly form. 

A part of prepared C-S-H colloidal solution was filtered, gradually dried at 30 °C to the constant weight. On 
particles made by this way, it was carried out X-Ray diffraction (Bruker D8 Advance), determined chemical 
composition by X-Ray fluorescence (Rigaku Supermini200) and thermal analyses DTA and TG (STA 504). 

X-Ray diffraction proved directly amorphous character of C-S-H particles with the only crystalline phase of 
CaCO3, how it is supported on Figure 1. A chemical composition of C-S-H particles shows Table 1. By a 
recalculation of determined weight percentage and molar weights a molar coefficients of an individual parts of 
colloidal solution were defined: 1.78CaO·SiO2·4.78H2O. Introduced composition is close to composition of 
substance 1.7CaO·SiO2·4H2O, which became from cement hydrating phase C3S [11]. 

Table 1 Chemical composition of used C-S-H nucleating agent 

Compound (wt.%) Compound (wt.%) Compound (wt.%) L.o.I. (wt.%) 

CaO 60.11 SiO2 36.18 Na2O 3.45 35 

DTA and TA analyses were carried out on STA 504. Speed of heating was 10 K·min-1 in oxygen atmosphere, 
amount of air 5 l·h-1. Result of thermal analysis illustrates Figure 2. First endothermic lag between 20 and  
180 °C (accompanied by loss of weight 13 %) corresponds to release of water during heating of structure  
C-S-H particles. Following linear part of weight loss, which corresponds to release of stronger bonded water 
from restructured C-S-H. This is followed by second endothermic delay between 500 and 700 °C (loss of 
weight 16 %). This lag belongs to decomposition of CaCO3. Last endothermic delay follows between 700 and 
800 °C with loss of weight about 4 %. Here can be observed stronger change of thermos-physical 
characteristics, followed by dihydroxylation of C-S-H phase (tobermorite type) and also beginning of formation 
of pseudowollastonite phase (formation of wollastonitic structure). 
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Figure 1 RTG pattern of C-S-H particles Figure 2 STA record of C-S-H particles 

2.3. Activation of Granulated Blast furnace slag 

Several types of samples were prepared, which were created from above mentioned and described raw 
materials. These samples differed only in various concentration of nucleating agent. Table 2 presents 
composition of prepared mixes. 

Granulated Blast furnace slag was mixed with nucleating agent properly. In next step an alkali activator was 
implemented (water glass) in constant amount (due to ensure introducing of 4.5 hm% Na2O) in the way to be 
each particle of mix in contact with activator. Finally, distilled water was added up to water coefficient required 
for optimal consistency of mix. As a referent samples were used that prepared only from pure Granulated Blast 
furnace slag, where were added water glass and water.   

In chosen data 2, 7, 28 and 40 days, samples were taken to examine a compressive strength.  

Table 2 Identification of samples and their composition 

Sample GBFS *C-S-H7 **C-S-H28 Waterglas Water 

 
(g) (cm3) (cm3) (cm3) (cm3) 

  concentracion 
0.75 

concentracion 
5 

concentracion 
0.75 

concentracion 
5 

  

K117 150 0 0 0 0 41.5 9 

K217 150 9 0 0 0 41.5 0 

K317 150 0 9 0 0 41.5 0 

K417 150 0 0 9 0 41.5 0 

K517 150 0 0 0 9 41.5 0 

*C-S-H7 - synthetically prepared nucleating agent, age of 7 days 
**C-S-H28 - synthetically prepared nucleating agent, age of 28 days  

2.4. Determination of Compressive strength (CCS) 

In given term, a three values of strength of parallel samples from each mix were determined. From these 
measured data the average values were calculated, which are given on Figure 3 and Figure 4. 

From that picture there is obvious, that use of all nucleating agents increased a compressive strength after 2 
and particularly after 7 days. Achieved values of strength after two days of samples hydration are at level 80 
MPa, where referent sample K117 gained only strength of 45 MPa. Positive effect shows presence of nuclei 
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also on values of long term strength. After 40 days of hydration is strength of samples with 7 days old nuclei 
comparable, but in the case of 28 days old nuclei the difference is up to 27 %. 

  
Figure 3 Compressive strength (CCS) of sample 
K117 and of samples with addition of nucleating 

agent C-S-H (7 days old nuclei) 

Figure 4 Compressive strength (CCS) of sample 
K117 and of samples with addition of nucleating 

agent C-S-H (28 days old nuclei) 

2.5. Mercury porosimetry 

After 7 days of hydration more pronounced affecting of strength reached. Based on this finding an evaluation 
of effect of nucleating agent on structural changes of phase composition through mercury porosimetry has 
been carried out. Bodies in shape of beam 15×5×5 mm were cut from samples, these were dried for 24 hours 
at 50 °C, when free water from pores release. Porosity of alkali activated matters were determined on 
AUTOPORE 9500.  

Table 3 Results of porosimetry measurements 

Sample 

Pores volume 

[cm3·g-1] ·102 

Average pore 
size 

[µm] 

Porosity 

[%] 

total 10~100 µm 1~100 µm 0.1~100 µm 

K117 8.68 1.58 3.62 7.83 0.0894 15.93 

K217 2.11 0.63 0.93 1.04 0.0161 3.94 

K317 5.68 0.66 0.97 1.26 0.0126 9.82 

K417 5.77 0.66 1.13 1.47 0.0129 10.89 

K517 6.69 1.07 1.98 4.87 0.0342 12.66 

In Table 3, there can be seen, that the most significant differences were recorded at total porosity. In the case 
of referent sample (K117), which was prepared only from pure GBFS, a total porosity was measured 16 %. In 
the case of other samples with nucleating agent was achieved lower total porosity. When used 7 days old C-
S-H phases as a nucleating agent, a total porosity was achieved even much lower (range of 4 - 10 % comparing 
to 16 % for sample K117). It was also evaluated pore size distribution from measured records in form of their 
volume content for given intervals of pore sizes, namely 10 ~ 100 μm, 1 ~ 100 μm and 0.1 ~ 100 μm. The 
biggest difference is visible in the case of the smallest pores (0.1 ~ 100 μm). When used 7 days old C-S-H 
phases a difference in amount of the smallest pores made up to 87 % of volume of pores (sample K217) 
comparing to referent sample K117. A sample with 28 days old nuclei (K417) represents this ration even  
81 %. 
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3. CONCLUSION 

A content of this work was to verify a possibility of affecting the structure of phase composition of alkali 
activated granulated blast furnace slag in dependency of nucleating agent addition. The aim was to gain 
materials with high strength values in an initial phase of hydration. 

C-S-H colloidal particles fulfilled a role of nucleating agents in alkali activated slags. As the most sufficient, 
from the point of view of achieved properties, seems a use of nucleating agent C-S-H phase (with 7 days old 
nuclei). Materials prepared with this nucleating agent showed the highest increase of 7-day compressive 
strength. A use of nucleating agent C-S-H phase (with 28 days old nuclei) increased 7-day strength less 
significant. But in long term development of strength an addition of older nucleating agent manifests 
themselves more favourably.  

Results of Mercury porosimetry brought very good imagination about possibility of evaluation of structure of 
matters affected by addition of nucleating agent. The most significant difference is in values of total porosity. 
This result documented assumption, that structure, which is created thanks to nucleating agents, is more and 
faster filled with hydration products and because of that it is also denser. It corresponds with increase of 
particularly short term strength. 

It can be states, that addition of synthetically prepared C-S-H phases by the method of sol-gel to alkali activated 
Blast furnace slag has a positive effect on development of higher value of compressive strength at hydrated 
body and simultaneously a lower porosity can be recorded at these products.  
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Abstract 

Paper presents an analysis of 3D images of the composite with a polyamide (PA) matrix reinforced by short 
glass fibres. The aim of the study was the assessment of the orientation of the fibres. The algorithm used for 
analysis is based on describing ellipsoids on the detected objects for its orientation assessment. Three 
subsamples of 3D images were cropped from three different part of the original sample. Each subsample 
shows the visible difference in the fibre orientation. The detection of the fibres and the analysis of the direction 
were performed using open source software ImageJ. Analysis of obtained results shown that the ellipsoid 
method is sensitive to the differences in the fibre orientation and may deliver valuable information for structure 
description. 

Keywords: Composite, 3D structure, fibre’s orientation 

1. INTRODUCTION 

Spatial orientation of the fibres in composite affects the properties of the designed materials. Quantitative 
assessment of its orientation allows us to adjust the parameters of the production’s process to manufacture 
elements with predictable properties. Analysis of the 3D images acquired in the computed nanotomography 
study delivers information on the quantity and orientation of the fibres. Application the proper measurement 
algorithms and analysis provide sufficient tool to give reliable and accurate information about the material’s 
spatial structure. There are many methods for determining the orientation of objects in 3D images, like the 
classical stereological method of Rose od Directions [1], through methods based on the analysis of entire 
objects, to methods analyzing individual voxels [2,3]. The 3D imaging techniques allow analyzing the whole 
objects not only its intersections, in contrary to the classical stereology approach. 

This kind of analysis may be of great interest for other materials science branches where the spatial orientation 
of a microstructure significantly influences mechanical properties (e.g. light alloys [4-6]) and a rate of wear 
(e.g. [7]) or corrosion (e.g. [8]). In the industry, the stretch films generate similar analytical problems related to 
spatial orientation (e.g. [9-11]). 

2. MATERIALS AND METHOD 

As research material, a nanotomography scan of a composite with a polyamide matrix reinforced with glass 
fibres constituting a 15 % mass share of the sample was used. The images were made in a GE nanotom X-
ray computer tomography. During the acquisition, the following exposure parameters were used for all 
samples: 80 kV, 145 µA, voxel size: 3.0 µm / vox, exposure time: 500 ms. The images were saved as a series 
of sectional images in JPEG format. The resulting image has a resolution of 662 x 368 x 1843 pixels. 
Visualisation and analysis were performed using open-source ImageJ software. 
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Three subsamples of the images were probed from the original image. They represent three different zones 
of the analysed probe, significantly differ in the spatial orientation of the fibres. 

The coordinates of the subsample location in the original images are as follows: 

 Sample 1: x: 70-144 y: 70-144 z: 101-200 (Figure 1a), 

 Sample 2: x: 280-354 y: 140-214 z: 900-999 (Figure 1c), 

 Sample 3: x: 520-594 y: 230-304 z: 1650-1749 (Figure 1e). 

  

a) Subsample 1 before object detection b) Subsample 1 after binarization 

  

c) Subsample 2 before object detection d) Subsample 2 after binarization 

  

e) Subsample 3 before object detection f) Subsample 3 after binarization 

Figure 1 Three-dimensional reconstruction of the subsamples and the results of its detection 

The quality of tested subsamples due to the noise and low contrast had to be enhanced. The median filtration 
and contrast adjustment were performed. Detection of the fibres was performed by binarization transformation 
which transformed the grey level images into the binary ones, where the fibres were mapped by voxels with 
the value 1. The background of the images was mapped by voxels with the value 0. The next transformation 
of the images that prepared them to the analysis was removing the objects smaller than 50 voxels. This 
operation prevents the influence of the noise effect or fibres, which was cut by the crop frame on the obtained 
results. Analyzed fibres located close to each other, created the clusters of the objects, what significantly affect 
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the analysis. So due to obtained reliable results of the analysis, it was necessary to separate connected fibres 
from each other. It is needed to be stressed up that this operation had an impact on the volume of the fibres. 
Since the aim of the analysis is the orientation of the fibres, it is acceptable. The formal compliance of the 
edges of individual detected fibres is not crucial for determining their directivity. The result of this operation is 
the detection and marking of objects - in visualization through various shades of grey, which is a requirement 
to use the next and last algorithm (Figures 1b, d, f). 

The critical element of the developed method of determining the 3D orientation of fibres is the use of an 
algorithm describing ellipsoids on the detected objects (Figure 2) and prints a table containing many data 
describing these ellipsoids [12]. 

   

a) Subsample 1 b) Subsample 2 c) Subsample 3 

Figure 2 Fitting ellipsoids on the fibers on tested images 

To calculate the radii and axes of an ellipsoid, the algorithm uses the equations: 

sx2 = ∑(x-Cx)2/Vobj (1) 

sy2 = ∑(y-Cy)2/Vobj (2) 

sz2 = ∑(z-Cz)2/Vobj (3) 

sxy = ∑(x-Cx)(y-Cy)/Vobj (4) 

sxz = ∑(x-Cx)(z-Cz)/Vobj (5) 

syz= ∑(y-Cy)(z-Cz)/Vobj (6) 

where: x, y, z - coordinates of the point belonging to the object, Cx, Cy, Cz - coordinates of the center point  
            of the object, Vobj - t he volume of the object. 

It then uses the following matrix to calculate the vectors and eigenvalues of the ellipsoid. 

{sx� sxy sxz sxy sy� syzsxz =q� sz� � (7) 

The three radii are then: √(5*eigen value). 

Finally, the algorithm calculates the ellipsoid rays using determined eigenvalues. The result of the algorithm is 
a spreadsheet with data related to each object in the image. Data such as the centre point of the object, 
coordinates of the central elongation axis, radii, volume, coordinates of the voxels of the object used to 
calculate the longest diameter (Feret diameter) and angles between the central axis of the ellipsoid and the 
three planes are available. The angles between the central ellipsoid axis and the three planes of the coordinate 
system XY, XZ, YZ are critical to the developed method. It was assumed that for fibres which are the most 
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elongated objects, applying a vector which is the central axis of elongation of the ellipsoid described on the 
fibre is a good indicator of the spatial orientation of the fibre itself and is sufficient to determine the directional 
distribution of objects. 

3. RESULTS 

Obtained data were used for further analysis. All fibres were identified according to their orientation concerning 
vertical direction. To obtained this information, the angle between the fibre and the XZ plane was analyzed.  A 
larger value of angle means a more vertical fibre orientation, while the smaller value of the angle inform how 
close to the horizontal fiber orientation is. The values of the angles were divided into six classes, every fifteen 
degrees, which in the case of testing the method was considered sufficient accuracy of division. Then the 
percentage fraction of each of the bands in the entire fibre set in a given segment was calculated. The operation 
was repeated for all three slices. The division results are presented in Figure 3, Figure 4, Figure 5. For the 
record, the closer the angle to ninety degrees, the more oriented the object is vertically and vice versa. 

The analysis of the results for subsample 1 showed that the majority of the fibres were directed close to vertical 
orientation. Percentage fraction of fibres with an orientation angle from the XZ plane greater than 45 degrees 
was over 73%. There were also many fibres with the value of the orientation angle in the range of 30-45 
degrees, and only 10% of the fibres were in the range below 30 degrees. 

 

Figure 3 Distribution of fibres orientation  
for subsample 1 

 

Figure 4 Distribution of the fibres orientation  
for subsample 2 

 

Figure 5 Distribution of the fibres orientation  
for subsample 3 
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The analysis of the fibre distribution for subsample 2, it is not easy to find clear trends on the chart. The values 
of the fraction of the fibres in each class of the angle’s range differ. The highest fraction of the fibres are 

oriented in the range of angles between 30-45, for more than 25 % of the fibres the orientation angle value 

was between 60 and 75, what strongly suggests a more chaotic spatial arrangement of fibres. Here, the 
number of fibres with an angle from the XZ plane greater than 45 degrees is only 57 %. The results of fibres 
orientation in subsample 3 show similar trends to subsample 1, although here the most significant fraction of 

the fibres were strongly vertical fibres with the value of orientation angle between the 75-90. 

The total fraction of fibres with an angle to the XZ plane higher than 45 was 70 %. Quantitative analysis 
confirmed the visual assessment of the original image 3D. The sample of the composite which 3d 
reconstruction was analyzed, was produced by injection moulding, what effects in the orientation of the fibres 
located close to the surface of the sample along the injection direction, and more chaotic in the centre of the 
sample. 

4. CONCLUSIONS 

Quantitative analysis of the spatial orientation of the fibres delivers valuable information about the spatial 
arrangement of the fibres and may be applied for the analysis of its influence on the mechanical properties of 
the composite. The quantitative analysis of the fibre orientation may be used to the proper calibration of the 
injection moulding adjustments. Open-source software ImageJ used in this analysis with additional plugins for 
3D orientation analysis allow obtained reliable results. The disadvantage of the analysis of 3D images is limited 

resolution to 0.8 m, and the limited size of the sample that may be tested. 

Research results and datasets obtained appear to be very inspiring for the development of new and improving 
known methods of data analysis, both image analysis [13-15] and estimation of results uncertainty [16-18] as 
well as supporting analytical databases [19,20]. 
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Abstract 

Production of new steel grades and growing demands on productivity require an increasing understanding of 
heat transfer during the continuous casting process. This work is focused on a mould which has a great 
influence on the casting process and the final quality of billets. Casting speed has to be adapted to the steel 
parameters and the format of the product. The temperature field of the mould changes with the casting speed. 
From the temperature field, the contact of the solid shell with the mould insert and the intensity and symmetry 
of heat removal can be deduced. Temperature measurements were conducted in the mould walls on site. It 
was found that increasing the casting speed reduced the temperature gradient in the longitudinal direction and 
caused a decrease in the unevenness of the temperature field in the transverse direction, which was expressed 
by the so-called thermal axis. A percentage increase in mould temperatures that followed the increase in 
casting speed, exhibited close to a linear dependency on the distance from the mould top. Based on the 
presented data, the increase in casting speed caused a more uniform temperature field in the mould insert, 
which is related to a more uniform heat removal from the billet. 

Keywords: Continuous casting, mould, temperature field, thermal axis 

1. INTRODUCTION 

Continuous casting of steel provides a highly economical and compact manufacturing process. A total heat 
removal in the primary, secondary and tertiary cooling zones must be sufficient to solidify the steel in its entire 
cross-section before reaching the cutting equipment [1]. Although an optimal cooling rate by water jets in the 
secondary zone is important from a point of view of the product quality [2] initial defects already occur in the 
primary zone, i.e. in the mould. Mould serves as a heat exchanger between the solidifying steel and the cooling 
water. Main purpose of the mould is to remove a sufficient amount of heat in order to create a solid shell able 
to withhold pressure of a strand liquid core and other loads when it leaves the mould. A working side of the 
mould insert can reach temperatures over 400 °C near the meniscus, where the most significant deformation 
of the wall occurs [3]. The highest heat load of the mould can be observed at high casting speed [4,5]. 

In order to decrease a wear of the mould a casting powder is applied around a circumference of the solidifying 
steel. Casting powder affects the heat transfer considerably. It alternately melts and solidifies depending on a 
local temperature in a gap between the shell and the mould. Therefore it can introduce another harder to 
predict irregularity into the heat transfer process. Shape of the mould also impacts the heat transfer process. 
Heat removal uniformity in the mould is limited by shrinkage of the solidifying steel which leads to an increase 
in the gap between the mould and the solid shell. This phenomenon is most noticeable in corners of the mould. 
For this reason a mass of solidifying steel shall be centred in order to reach a uniformity of the heat transfer. 
This can be adjusted by a geometrical setting of the casting machine. A position of the solidifying strand in the 
casting machine dynamically changes in time and also depends on casting and cooling parameters. The 
uneven heat removal in the mould is reflected in the temperature field of the mould walls. This research was 
based on on-site measurements that were conducted during the manufacturing process. The paper provides 
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information on a consequence of increasing the casting speed on the temperature field of the mould wall in 
longitudinal and transversal directions. 

2. EXPERIMENTAL DATA 

Measurements were conducted in a radial billet casting machine of the format 150  150 mm. Total length of 
the mould is 1 m and its wall thickness is 13 mm. A surface of molten steel was kept at the distance of 140 mm 
below a mould top. In the longitudinal centreline of each wall there were installed five thermocouples (as can 
be seen in Figure 1) in a depth of 2 mm from the working surface. The distances of thermocouples from the 
top of the mould were 250 mm, 400 mm, 550 mm, 700 mm and 850 mm. The measurement system provided 
data acquisition with a sampling period of 1 s. The walls are marked from the point of view of the operator 
standing in front of the mould as left side (LS), right side (RS), outer radius (OR) and inner radius (IR). 

 

Figure 1 Layout of a mould description and thermocouple installation locations 

For further evaluation casting of low carbon steel of chemical composition in Table 1 was selected. Cooling 
water flow rate was kept at a constant value and also temperature of liquid steel in a tundish was measured at 
the constant value. 

Table 1 Main elements of the steel chemical composition 

Element C Mn Si P S Cu Cr Ni Mo 

wt.% 0.074 1.46 0.877 0.013 0.008 0.04 0.06 0.03 0.006 

3. DATA EVALUATION 

For evaluation, two time intervals of casting were selected when the casting speed was almost constant at 

values 2.31 and 2.67 mmin-1. As an on-site measurement system recorded a wide range of data, a further 
processing was therefore necessary. For both casting speeds, value of arithmetic mean and standard deviation 
of temperatures were evaluated during 8.5 minute time intervals, which represent 512 samples for each 
temperature sensor, see Table 2. 

Temperatures from the Table 2 can be seen also in the form of graphs in Figure 2. It is evident that with an 
increasing distance from the meniscus, the temperatures of the wall mostly tend to significantly decrease. An 
exception can be seen in RS and LS walls in the depths of 850 mm. A great difference occurs when the IR 
and OR are compared. The outer radius side of the mould is in more intense contact with the solidifying shell. 

The absolute temperature differences at all measuring points after increasing the casting speed can be seen 
in Figure 3. 
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Table 2 Mean values and standard deviations of measured temperatures 

Mould wall 

Distance from mould top Casting 
speed 

(m‧min-1)   
pos. No. 1 
250 (mm) 

pos. No. 2 
400 (mm) 

pos. No. 3 
550 (mm) 

pos. No. 4 
700 (mm) 

pos. No. 5 
850 (mm) 

LS 

t (°C) 157.1 141.1 124.7 112.0 112.1 
2.31 

σ (°C) 8.0 7.3 7.8 8.7 9.9 

t (°C) 159.5 140.9 125.6 113.6 111.9 
2.67 

σ (°C) 7.3 7.6 8.3 7.9 9.6 

RS 

t (°C) 164.4 111.4 96.3 90.0 93.4 
2.31 

σ (°C) 8.6 10.0 10.5 9.5 9.5 

t (°C) 173.2 120.0 107.3 102.1 107.1 
2.67 

σ (°C) 7.5 9.4 9.8 8.2 8.4 

OR 

t (°C) 154.5 125.5 116.8 109.4 108.6 
2.31 

σ (°C) 5.8 7.5 8.5 8.8 9.6 

t (°C) 157.9 129.6 121.7 115.3 116.0 
2.67 

σ (°C) 6.4 7.7 8.8 9.3 9.9 

IR 

t (°C) 150.9 122.0 112.8 96.8 91.9 
2.31 

σ (°C) 6.5 8.8 9.9 8.5 7.4 

t (°C) 156.0 127.0 120.5 106.2 104.9 
2.67 

σ (°C) 7.1 9.0 10.0 7.8 8.6 

 

Figure 2 Measured temperatures for the casting speed 2.31 (left) and 2.67 mmin-1 (right) 

 
Figure 3 Temperature changes after the increase of casting speed from 2.31 to 2.67 mmin-1 

In Table 3 there is a percentage change of temperatures after the increase in casting speed from 2.31 to 

2.67 mmin-1. The highest percentage increases were found at lower parts of the mould. However the increase 
in the LS at 850 mm was even negative whereas the RS exhibited the highest increase at all measuring 
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locations. A similar situation appears in the IR. As a result of the increase in the casting speed an increase in 
uniformity of the temperature field in the mould can be observed. 

Table 3 Percentage change of the temperature with the increase in the casting speed  

Mould wall 
Distance from mould top 

250 mm 400 mm 550 mm 700 mm 850 mm 

LS 1.5% -0.1% 0.8% 1.4% -0.2% 

RS 5.4% 7.7% 11.3% 13.5% 14.6% 

OR 2.2% 3.3% 4.2% 5.4% 6.8% 

IR 3.4% 4.1% 6.8% 9.7% 14.2% 

Average 3.1% 3.7% 5.8% 7.5% 8.9% 

The average percentage increase for all walls shows almost linear dependency on the distance from the top 
of the mould as can be seen in Figure 4. 

 
Figure 4 Values of average percentage increases of temperatures after the casting speed increase 

The increase in casting speed can also impact a temperature gradient in the mould wall in the longitudinal 
direction 

h

ii




  )(

grad 1 
               (1) 

where: 

 i  - temperature in the ith distance from the top of the mould (°C) 

 h - longitudinal distance of neighbouring thermocouples (m). 

Obtained gradients are presented in Table 4. 

Table 4 Longitudinal temperature gradients in the mould walls 

Mould 

wall 

Distance from mould top (mm) Casting speed 

(m‧min-1) 250 - 400 400 - 550 550 - 700 700 - 850 

Gradients (K‧m-1) 
 

LS 
-107 -109 -84 1 2.31 

-123 -102 -80 -11 2.67 

RS 
-353 -100 -42 23 2.31 

-355 -85 -34 33 2.67 

OR 
-193 -58 -49 -6 2.31 

-189 -53 -42 4 2.67 

IR 
-193 -61 -107 -33 2.31 

-194 -43 -95 -9 2.67 
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Most gradients decreased after increasing the casting speed. After increasing the casting speed, the average 
gradient calculated from all measured temperatures decreased by about 6 %. Therefore it can be concluded 
that longitudinal temperature gradients tend to decrease at a higher casting speed. As temperature gradients 
directly affect thermal stresses and strains in the mould insert their minimization has a favourable effect on the 
life of the mould insert and the quality of billets. 

Differences between mean temperatures measured on the opposite sides of the mould, i.e. differences 
between the LS-RS and OR-IR, were evaluated in each longitudinal position of installed thermocouples. For 
this purpose, statistical significances of differences between the arithmetic mean values were checked. Paired 
sample t-test was used. The series of measured temperatures are almost independent of each other as R2 
values for all individual pairs of data sets are less than 0.025. Temperatures are approximately normally 
distributed and variables do not contain any outliers. The critical value of a t-distribution for degrees of freedom 
of (n−1) = 511 and for a statistical significance 0.05 is 1.965. The formula of t-test statistic for a paired sample 
t-test was used 

5,01 nXt                 (2) 

where: 

 X - mean value of temperature differences (°C) 

  - standard deviation of temperature differences (°C) 

n - number of values (-). 

As t-test statistic ranging from 3.5 to 99.2 for all pairs of observations are higher than the critical value, it can 
be stated that the differences between the average temperatures were significant. The same t-test was used 
to verify the statistical significance between mean values of LS-RS and OR-IR temperature differences for 
lower and higher casting speeds. All changes of the temperature differences after speed increase were also 
significant except for one difference between OR-IR at the position 400 mm bellow the mould top which t-test 
statistic was 1.7. 

 
Figure 5 Temperature differences at casting speed 

2.31 mmin-1 and 2.67 mmin-1 

 
Figure 6 Thermal axis positions at casting speed 

2.31 mmin-1 and 2.67 mmin-1 
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Temperature differences between the opposite sides can be seen in Figure 5. Data points are marked No. 1 
to No. 5 according to the sensor longitudinal position, see Table 2. Each point is determined by a LS-RS and 
OR-IR difference of mean temperatures. The deviation of each data point from the origin of coordinates 
characterises unevenness of the thermal field in the transversal section of the mould. 

As can be seen from Figure 5, after speed increase the deviations of data points decreased. The largest 
change appeared at distances of 850 mm and 700 mm below the mould top, as the difference between LS-RS 
and IR-OR temperatures decreased. At closer distances from mould top, smaller changes can be observed 
because the soft solid shell is pressed against the mould by ferrostatic pressure. 

The uniformity of the heat removal in the mould can also be characterized by the so-called thermal axis, see 
Figure 6. The position of the thermal axis was calculated analogously to the calculation of the position of the 
resultant force of parallel forces in mechanics, where the forces here represent temperatures. Deviation of the 
thermal axis in a certain direction means a higher wall temperature and a higher heat flux. The position of the 
thermal axis can also be expressed in polar coordinates according to the radius and the polar angle. After 
increasing the casting speed, the average radius for all measured longitudinal positions decreased from 3.9 
mm to 2.4 mm. 

These findings confirm that the so-called thermal axis depends not only on the adjustment of the geometry of 
the casting machine but it dynamically changes according to casting and cooling parameters. The thermal axis 
is also affected by a position of the submerged entry nozzle, the uniformity of the distribution of the casting 
powder, chemical composition of steel and the wear of the mould. The position of the thermal axis affects the 
uniformity of the solid shell thickness. It is important for a given caster and conditions to keep the thermal axis 
as close to the mould centreline as possible to ensure symmetry of the mould temperature field. Since the 
position of the thermal axis changes in time, it is advisable to implement an intelligent mould with on-line 
temperature monitoring system which helps to keep the casting parameters within optimal limits, as well as to 
replace the worn mould insert in time. It is important to fine-tune the caster geometry and casting parameters 
for a given steel grade and keep them constant for most of the casting time. 

4. CONCLUSION 

From evaluation of the obtained data following conclusion can be made. Increase in casting speed increases 

temperature of the mould walls. The percentage increase of temperatures that was observed, exhibited close 

to linear dependency on the distance from the mould top. As the casting speed increased, the temperature 

gradient tended to decrease predominantly. Therefore increase in casting speed led to more uniform 

temperature field in the mould. Increase in the casting speed had a positive effect on minimizing temperature 

differences at all distances from mould top as longitudinal temperature gradients decreased. Differences in 

mould temperatures in transversal direction also decreased when casting speed increased. From the above, 

it can be concluded that increasing the casting speed improved the uniformity of the mould temperature field, 

and therefore caused more uniform heat removal from the solidifying steel. 
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Abstract 

The effect of the strain accumulation by changing the number of rolling passes on the rolling force, structure 

and mechanical properties of austenitic Cr-Ni-Ti stainless steel with different carbon contents has been 

studied. An increase of the number of passes for a given overall reduction was found to have a beneficial effect 

on tensile properties while maintaining adequate ductility. At a rolling temperature of 1100 - 1150 °C with rolling 

in 1-3 passes, an increase in carbon content leads to acceleration of softening processes. With a lower rolling 

temperature and an increased number of passes, the reverse effect is obtained. When working out rolling 

schedules for sequences in HTMP conditions involving cooling before the final passes, residual hardening 

must be taken into account in rolling force calculations to prevent to prevent the mechanical equipment of the 

rolling stand from the breakage. 

Keywords: Thermomechanical Processing (TMP), rolling pressure, austenitic stainless steel, mechanical 

properties 

1. INTRODUCTION 

When the fractional multi-pass hot rolling of steels it is important to take into account of the residual strengthening, 

which can increase from one pass to the next one. Investigations on High-Temperature Thermomechanical 

Processing (HTMP) of austenitic-type steels with titanium during single-pass rolling showed that this steel tends 

to soften very little, so as such steel with fcc lattice has a low stacking fault energy and correspondingly and 

correspondingly it is not inclined to fast static recrystallization [1,2]. 

2. EXPERIMENTAL PROCEDURE  

In the present work, it was studied the effect of the number of passes on the rolling pressure, mechanical 

properties, and structure of Cr18-Ni9-Ti steel with different carbon contents.  

The steels chemical compositions presented in Table 1. 

Table 1 Chemical composition of steels, % wt. 

Steel C Si Mn Cr Ni Ti S P 

0.04C18Cr9NiTi 0.04 0.6 1.1 17.9 9.1 0.21 0.014 0.003 

0.1C18Cr9NiTi 0.10 0.7 1.1 17.9 8.8 0.56 0.012 0.012 

0.15C18Cr9NiTi 0.15 0.7 1.1 18.3 9.0 0.75 0.012 0.014 

0.2C18Cr9NiTi 0.2 0.6 1.15 18.1 9.0 0.40 0.014 0.008 
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The specimens of 25 x 25 mm cross section produced from the forged billets were rolled on a 210 rolling mill 

at a speed of 0.3 m/s in 1 - 5 passes one pass after heating in an electric furnace at 1150 °C for 50 min. The 

strain (reduction) in each pass i was 10 %. Immediately after rolling, the specimens were quenched in water with 

a temperature not exceeding 25 °C. The rolling force during deformation of each specimen was recorded. The 

rolling pressure, p was calculated using the formula: p = F/S, in which F is the rolling force and S- the horizontal 

projection of the surface contact area. 

3. RESULTS AND DISCUSSION 

The measured parameters and the mechanical properties of the HTMP treated steels are shown in Table 2. 

Table 2 Rolling force parameters and mechanical properties of steels after HTMP with different number  

    of rolling passes 

For comparative assessment of the changes in rolling pressure (p) and yield strength (YS) of the steels, the 

dependence of pj/px YSi/YS1 and ( pi+1 - pi ) / p i    on the number of passes was determined (Figures 1 and 2), 

in which p1 is the rolling pressure in the first pass; pI  is the rolling pressure in the i- th pass; YS1, and YSi   the 
yield strength of the steel treated by HTMP with one pass and in i passes correspondingly. The tabulated data 

show that the increase in the force, F and the rolling pressure, p in each consecutive pass is quite significant; 

during rolling of 0.2C18Cr9NiTi steel, for example, the increase in rolling force in the second pass was 10 kN or 

17.6 % and the rolling pressure increased by 22.5 %. To determine whether this increase was caused by spread 

during rolling in the first pass and the decrease in metal temperature (the pause between the first and second 

Steel 

 

n F, kN p, MPa YS, MPa TS, MPa A, % RA, % HV 

0.04C18Cr9NiTi 1 43.0 105.0 315 640 53.0 71.0 200 

2 64.0 149.0 342 623 50 71.0 - 

3 78.0 174.5 390 700 50.5 68.0 204 

4 95.0 218.1 396 672 44.0 67.0 - 

5 112.1 243.4 410 665 46.2 70.2 265 

0.1C18Cr9NiTi 

 

1 44.6 108.7 292 618 58.2 72.5 165 

2 65.0 153.0 331 625 57.2 74.1 - 

3 79.3 176.3 356 655 53.2 72.2 215 

4 98.1 222.4 388 665 48.1 73.1 - 

5 121.4 259.5 420 681 46.1 70.0 241 

0.15C18Cr9NiTi 

 

1 45.1 103.2  294 658 54.3 67.6 190 

2 61.0 142.9 322 633 56.4 72.5 - 

3 79.8 180.7 342 692 49.0 68.8 245 

4 99.4 228.5 375 671 48.8 71.4 - 

5 123.6 269.7 441.2 699, 46.3 69.8 298 

0.2C18Cr9NiTi 1 46.7 106.9 319 660 55.7 71.3 178 

2 56.7 130.8 330 657 55.4 72.2 - 

3 72.8 160.2 365 681 53.6 70.5 231 

4 96.6 211.5 461 681 33.8 64.5 - 

5 131 266.7 479 698 32.9 62.5 238 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

172 

passes was 4.5 s), the authors carried out check calculations using a known procedure which did not take the 

effects of work hardening into account [3,4]. The calculations indicated that the force in the second pass 

increased by about 6.2 % and the rolling pressure by about 3 %, which was considerably below the 

experimentally determined values. It therefore follows that work hardening has a considerable influence.  

 

Figure 1 Rolling pressure (pi/p1) and yield strength (YSi / YS1) of Cr18-Ni9-Ti-type steels versus number 

of passes 

 
Figure 2 Increase in rolling pressure of Cr18-Ni9-Ti-type steels in each consecutive pass relative 

to preceding pass 

3.1. MICROSTRUCTURE EVOLUTION 

Metallographic and TEM analysis showed that the structure of all the steels tended to become progressively 

refined result in formation of fragmented substructure or recrystallized structure with an increasing number of 

reductions in rolling (Figures 3 a,b). 
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3.1.1. Metallographic structure 

The microstructure in the initial state is characterized by large grains containing annealing twins and round 

carbide inclusions several microns across, distributed uniformly across the the volume in the all studied steels. 

Under conditions of gradual multi-pass reduction, an increase in the total strain degree results in monotonic 

diminution of grain size �� and growth of precipitate density. In addition, the length of the grains in the rolling 

direction growth noticeably as ∑ �� increases. 

3.1.2. Fine structure 

In the initial state (50 min at 1150 °C followed by quenching) the dislocation density of the steel is low, at about 

108 cm-2. The boundaries are perfect and rectilinear, and do not contain precipitates. Coherent and incoherent 

boundaries of annealing twins are frequently encountered. 

 

a                                                  b                                                     c 
Figure 3 Structure (TEM) of 0,04C18Cr9NiTi steel deformed in various conditions: a) cellular dislocations 

structure in steel subjected to 10 % one pass deformation; b) extended fragments in steel subjected to 

deformation in five (c) passes (10 % per one pass); c) fragments with carbide precipitates in steel subjected 

to deformation in five (c) passes (10 % per one pass) 

Gradual multi-pass hot plastic deformation radically alters the initial structure of the steels. This is evidenced 

in the fact that the dislocation density increases, new misorientation boundaries of different forms arise, the 

structure of existing boundaries changes, and final-dispersed carbide precipitates appear (Figure 3c). 

As the number of passes under multi-pass deformation increases, there is monotonic growth of dislocation 

density,. It changes most, from 108 to 1.5x1010 cm-2, after the first pass. Subsequent deformation has only 

a slight influence on . Increases to 2.0 x 1010 cm-2 after three, and 2.3 x 1010 cm-2 after five passes for the 

steel 0.04C18Cr9NiTi. The spatial distribution of the dislocations also changes. As  = ∑ �� grows, characteristic 

indications of dynamic recovery are more clearly seen in the dislocation structure. At first a weakly expressed 

cellular structure with not greater than 0.1 °C misorientation is formed (Figure 3a). Then individual boundaries 

elongated in the rolling direction, appear against that background, causing misorientations of about  = 1...3 °C. 

The distances between them change from a few to tens of microns. The places where the boundaries break 

off, lines of partial disclinations [5,6] are sources of strong internal stresses. After rolling with  = 10 % such 

boundaries are found in all the grains. However, they form regions of fragmented structure in the most 

favorable oriented grains. The fragments are microregions of size ~0.5 m, enclosed on all sides by dislocation 

boundaries and misoriented relative to the surrounding matrix or neighbouring fragments by angles of 1...3 °C. 

The volume fraction f occupied by a fragmented structure is only 5...10% after the first pass. As the 

deformation accumulates, a larger and larger volume of material becomes fragmented. Thus, after the third 

pass f reaches 60 - 70 %, after the fifth - 80 - 90 %. The fragmented structure becomes more perfect, the 

quantity of torn-off boundaries diminishes and their dislocation structure becomes ordered. The fragments 

become finer on average, the misorientation between them increasing appreciably. After one-pass reduction, 
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the misorientation angles are 1...3°. They increase sharply as a result of five-pass reduction, reaching several 

tens of degrees on individual boundaries, another peculiarity in the evolution of the fragmented structure is 

that the fragments grow progressively longer in the rolling direction (Figure 3b). As for effect of carbon content 

it is important to follow the behavior of carbides during multipass deformation. The number of carbides precipi-

tated during decomposition of the austenite increased from pass to pass result in hot deformation effect. With 

several reductions, moreover, there was a decrease in temperature which also promoted carbide precipitation. 

The quantity of carbide phase and the recrystallized grains fraction is increased with the carbon content. As 

shown in Figure 2, the work hardening which the steel underwent in the first pass was partly retained through 

to the second pass. In the third pass, the increase in rolling pressure was less than in the second pass. In the 

fourth pass, the rolling pressure increase was higher but in the fifth pass somewhat lower than in the preceding 

passes. The rolling pressure increased with the carbon content of the steel although the pressure increase 

from pass to pass was smaller. In the final passes, the rolling pressure increased more sharply as the carbon 

content increased. This type of change in rolling pressure results from two separate processes which influence 

the steel strength in different ways, namely softening due to recrystallization and strengthening due to carbide 

precipitation. The latter process accelerates and becomes more pronounced with an increasing number of 

passes and a simultaneous reduction in temperature. Carbon increases the diffusivity of iron atoms and with 

increasing carbon content, recrystallization processes are accelerated and softening takes place [7]. On the 

other hand, an increase in carbon content causes a rise in the number of carbides which have a retarding 

influence on recrystallization by blocking of the grain boundaries. The degree of softening retained and, 

consequently, the deformation resistance of the metal will vary according to the predominance of one or other 

of these mechanisms. With a rolling temperature of 1100 - 1150 °C in the first 3 passes, an increase in carbon 

content leads to acceleration of softening processes, while with a lower rolling temperature and a larger number 

of passes, the reverse effect is observed. 

The kinetics of the change in rolling pressure with an increasing number of passes follow a similar pattern to the 

change in strength of the HTMP treated billet (Figure 1). The heightening in strength with an increasing number 

of passes can be correlated with the increase in residual strengthening. It can therefore be concluded that the 

effectiveness of HTMP is determined not by the strength level attained as a result of high-temperature defor-

mation, but by the strength which is retained up to the moment of quenching, since the strengthening retained 

by the metal due to high-temperature deformation unavoidably decreases in the pauses between the passes 

and also between the end of rolling and the start of quenching. This is confirmed by high-temperature 

thermomechanical processing theory [8,9]. 

3.2. Mechanical properties 

To create the proper processing parameters for rolling with HTMP, it is worthwhile to compare the mechanical 

properties of steel rolled in n passes with an overall strain (rolling reduction) ∑ ����	
  with those of steel rolled in 

a single pass with  �� � ∑ ����	
 . In the present study HTMP was carried out with rolling in a single pass 

(preceding parentheses) and 4 passes (in parentheses) with an overall reduction of 40 %. The finish rolling 

temperature in both cases was 1080 °C. The mechanical properties obtained were in Table 3: 

Table 3 Mechanical properties of steels treated under HTMP with one and four passes 

Steel YS, MPa TS, MPa A, % RA, % 

0.04C18Cr9NiTi 311(397) 637(673) 48.7(43.8) 73.2(67.1) 

0.1C18Cr9NiTi 269(389) 618(666) 55.2(48.3) 74.1(73.2) 

0.15C18Cr9NiTi 244(375) 679(670 54.8(48.9) 72.0(71.5) 

0.2C18Cr9NiTi 296(462) 655(682) 538(34.0) 73.2(64.6) 
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The trials showed that an increase in the number of passes with a constant overall reduction led to a greater 

degree of strengthening of the steel. At the same time a decrease in carbon content led to retention of high 

ductile properties.The results of the above study were used to develop a practice for rolling0,04C18Cr9NiTi 

steel with HTMP in a ten-stand 350 mill at the Petrosteel Industrial Co. Deformation in the last 5 stands was 

carried out on a multipass basis; stands 6, 7, 8, 9, and 10 formed a continuous group. The rolling force was 

calculated in two ways; by referring to the experimental data and by use of an earlier procedure [3] excluding 

consideration of the influence of work hardening (nwh = 1). The rolling force in the first case proved to be 10 - 

40 % higher than the values calculated with the normal procedure [3]. During rolling of 36 mm dia. rounds, 

moreover, the rolling force in the tenth stand was 555 kN compared to the value of 415 kN calculated using 

the standard procedure [3].  

4. CONCLUSIONS 

An increase in the number of passes during rolling of 18-10-type austenitic Cr-Ni-Ti stainless steel with different 

carbon contents steels has a beneficial effect on the tensile properties attained while preserving adequate 

ductile properties. With a rolling temperature of 1100 - 1150 °C and rolling in 1-3 passes, an increase in carbon 

content leads to acceleration of softening processes; with lower rolling temperature and an increase in the 

number of passes, the reverse effect is observed. When developing a practice for multi-pass rolling, particularly 

with application of HTMP involving cooling before the final passes, it is necessary to take residual 

strengthening into account when calculating the rolling force. A reduction in the finish-rolling temperature with 

the aim of increasing the degree of hardening of the stock without allowing for residual strengthening can lead 

to breakage of the rolls. 
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Abstract 

The progressive development of microprocessors and piezoelectric actuators causes the development of 

micro-machines and the need for micro parts. For these reasons, accelerated development of microforming 

technology should be anticipated. This technology is able to ensure high smoothness of the surface created 

by plastic separation of the material and sharpness of the edges - very difficult to achieve by other methods. 

Attention should be paid to micro-punching processes that can be used not only to make a hole, but above all 

to produce an exact shape / blank. This approach defines a further possible difference between micro-blanking 

and conventional blanking. The difficulty in addition to the so-called the effect of scale is also the need for very 

little clearance and strict geometric conditions. In micro-blanking processes suggested for the billet production 

one should take into account relatively large ratios of height to diameter of the punched holes. Currently, micro-

blanking processes are carried out in the mass production of electronic components. Within this work micro-

blanking tests were carried out on an industrial stand with a progressive die, holes made of aluminum sheet 

and stainless steel sheet. Punches with piezoelectric vibrators were used. For aluminum sheet, the galling 

phenomenon was stopped as a result of the self-cleaning process of punches. In the case of stainless sheet 

metal, a slowing of the build-up process was observed. Structure was determined using TEM tests and a build-

up mechanism was suggested, consisting in returning successive shearing of micro-asperities, which leads to 

the creation of an ultra-fine grained structure. 

Keywords: Microforming, blanking, vibrating punch, galling, progressive die 

1. INTRODUCTION 

The progressive development of miniature systems is the driving force and challenge for miniaturization in all 

areas of life such as telecommunication, transport and electronics [1,2]. These sectors experience the 

increasing demand for miniature products.  Micro-electro-mechanical systems, micro-sensors, micro-machines 

and micro-robots are no longer futuristic, but reality. These advanced systems require parts and, to a large 

extent, metal parts. Parts that must meet high requirements for dimensional accuracy and surface quality. 

These requirements can be met by parts made using metal forming technology [3]. In this technology 

considerable diminishing sizes of products gets completely new dimension and enters in yet weakly recognized 

areas of knowledge. The so-called "scale effects" [4] - the consequences of similarity theory and additionally 

in the area of metal forming - grains and “surface layer” as 3d “object” cause creation of Microforming 

Technology - MT [5,6]. It has been isolated from the metal forming area and is now a separate field. In MT 

special emphasis is placed on precise control of the structure of the material [7] and the structure of the surface 

layer, which have a large impact on process and product [8]. Surface layer and contact phenomena affecting 

friction, lubrication and galling [9-11], increase the role of methods for preparing surfaces and lubricants [12-

13]. They also refer to the internal structure [14], which affects surface quality and cracking mechanisms [15]. 

The scale effect even applies to machine construction, instrumentation and tools [16-18] and to the design of 

the technological process plan [19]. Materials and friction tests using micro-samples are also created because 

their results differ from those obtained in macro tests. Reducing the size of manufactured parts on the one 
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hand is a major challenge for traditional technologies, but on the other hand, mainly by removing the energy 

barrier opens the possibility of using other unconventional techniques. Electrical assistance, magnetic waves 

[20], laser processing [21] and mechanical vibrations at different frequencies [22,23] are such examples of 

alternative techniques.  

The first applications of vibrations during deformation of metals was reported by Blaha and Langekert [24] who 

used ultrasonic vibrations in tensile tests of a Zink monocrystal. That time industrial applications mainly 

regarded wires and tubes drawing [25]. The prevailing opinion is that the influence of vibrations on metal 

forming processes refer to two phenomena. First, the so-called volume effect links yield stress decrease with 

the influence of vibrations on the dislocation movement and structural changes [26]. Second, surface effect 

[27-28] explains drop of the effective coefficient of friction by a periodic reduction in the contact area and/or 

periodic changes of direction of the friction force vector and lubricant pumping. The method of applying tool 

vibration depends on the frequency range: high frequencies consist of causing a standing wave (in resonance) 

in the volume of the tool, and lower frequencies utilize Direct excitation, which consist in the periodic motion 

of the entire tool.  

Very high pressure, surface expansion and elevated temperature occur in the tool-workpiece contact area 

during metal forming processes. These are ideal circumstances for braking the lubricant film off, that causes 

a direct contact between metallic surfaces. It usually leads to undesirable phenomena called galling. Galling 

is recognized as catastrophic buildups creation, that mostly results with very big damages of not only product 

surface, but also the surface of the tool. Unfortunately, decreasing the size of formed component to the micro 

scale additionally increases the risk of galling because of lubrication conditions degeneration [29]. This problem 

becomes particularly important with reference to mass production with multi punches progressive tooling. It 

happens that galling on the side surface of micro-punches leads to very intensive pickups formation and finally 

drives to tearing off the end of micro-punch. In the case of multi-punches tooling the consequences are very 

serious thus reducing such events becomes a prior consideration.   

Since the positive influence of tool vibrations on surface phenomena has been widely reported, the assistance 

of punch vibration has been chosen to improve the micro-blanking process with progressive die.     

2. EXPERIMENTAL SETUP 

 

Figure 1 Experimental stand: (a) progressive die design, (b) piezo-vibrators, (c) detail of punch assembly, 

(d) strip dimensions, (e) tools dimensions, (e) the stand overview: 1- strip, 2- die, 3- punch, 4- blank holder, 

5- piezo-stack, 6-prestressing springs, 7-Bruderer BRDR 30 Press, 8-power supplier, 9- function generator, 

10- oscilloscope  

The test stand consists of a specially designed progressive die, a high-speed press with a strip feeder and a 

vibration control system. The die shown in Figure 1a provides the process of simultaneous micro-cutting of 4 

holes with a diameter of 1 mm with punches made of High Speed Steel (HSS) SW7M, Table 1, and dies made 
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of the same steel. The main dimensions of the tools and tapes are given in Figure 1d. Two vibrating punches 

VP - are equipped with piezo-electric vibrators, built in housings enabling their pre-compression, as is shown 

in Figure 1 b. The other two punches are marked as classic punches - CP. Vibrators based on stacked ceramic 

multilayer actuators of dimensions 6x6x48 mm are controlled by a set shown in Figure 1f, consisting of a 

power supplier- 8, shape generator -9 and oscilloscope -10. The set allows the generation of sinusoidal 

oscillations safe for the stack, which amplitude is controlled by the input voltage in the range of 0-150 V. It 

results in the amplitude adjustment in the range depended on frequency (max. 16 µm). The function generator 

allows to change the oscillation frequency in the range of 0-450 Hz.  

3. EXPERIMENTAL PROCEDURE 

The tests were carried out on a Bruderer BSTA 30 high speed press at a speed of 100 strokes per minute with 

20 mm ram stroke. An automatic feeder with 3.5 mm stroke was used. The pressure of the blank holder is set 

at 100 MPa. Tapes are spray-lubricated with Neutol 1333 oil (Pol-Sil company) intended for use in metal 

forming processes. Micro-blanking of holes with a diameter of 1 mm was carried out in aluminum strip A1070 

(Al ≥ 99.7 %) with a thickness of 1 mm and stainless steel strip (SS) 1H18N9T (Table 1) with a thickness of 

0.7 mm at 250 Hz frequency. A sinusoidal supply voltage in the range of 0-150 V, which corresponds to a 

vibration amplitude of 12 µm was applied. In the case of aluminum, 6000 strokes were done. In the case of 

SS, micro-blanking, due to the small clearence and large relative height of the blank, the number of strokes 

was limited to 185. The chemical composition of the materials used during investigations is shown in Table 1. 

Table 1 Chemical composition of HSS - SW7m (1.3343) (punch and die) and SS - 1H18N9T (1.4541) (strip)  

 C Si Mn Cr Mo Ni V Cu S P W Co 

Punch/die 0.82 max max 3.5 4.5 max 1.7 max max max 6 max 

62 HRC 0.92 0.5 0.4 4.5 5.5 0.4 2.1 0.3 0.03 0.03 7 0.5 

Strip max max max 17 - 8 - - max Max - - 

215 HB 0.1 0.8 2 19 - 10 - - 0.03 0.045 - - 

4. EXPERIMENT RESULTS 

Figure 2 shows the punches after 6,000 cuts in Al strip. The phenomenon of inhibition of buildups was 

observed. After completing 6,000 of holes, the VP punch has a buildups-free surface, Figure 2b, while the CP 

surface in the working part is completely covered with buildups, Figure 2a. In the case of SS steel the use of 

vibrations reduced the tendency to galling - compare Figure 2d and Figure 2c - but did not stop the buildups 

formation. In relation to the surface quality of punched holes, the use of vibration not only reduces surface 

damage, but also smoothest it. The hole surface after 185 strokes is smoother than after one.  

 

Figure 2 Punches after microblanking: (a) Punch CP, Al, 6000 strokes, (b) Punch VP, Al, 6000 strokes, 

f=250 Hż, A=12 µm, (c) Punch CP, SS, 185 strokes, (d) Punch VP, SS, 185 strokes,  

A=12 µm, f =250 Hz 
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Figure 3 Internal surface of a hole: (a) CP, SS after 1 stroke, (b) CP, SS, after 185 strokes, (c) VP,  

SS after 1 stroke, (d) VP, SS after 185 strokes  

5. RESULT ANALYSIS 

Cross-sections were formed on VS after blanking the SS strip. The punch was cut with a wire saw at the 

buildup position along and across the axis. Then samples were made using the thin film method. The samples 

were subjected to TEM analysis, Figure 4. The microstructure is ultra-fine, sub-cellular, where the boundaries 

of the sub-grains are the dislocation tangles. Sub-grains are visible in the photographs of both cross-sections 

in the form of light and dark fields. It can be assumed that they are associated with the phenomenon of dynamic 

recovery after deformation. From the diffraction images, Figures 2c,d, it appears that the material is ultra-fine 

grained and has a very diverse orientations of grains. In the longitudinal section, Figure 4b and Figure 4d, 

the grains show a subtle orientation, suggesting the "fibrous" structure. The build-up process is very complex.  

 

 

 

Figure 5 (a) SEM the lateral surface of the punch; (b), (c), (d), (e) phases of a build-up creation 

Figure 4 TEM of a SS - VP - buildup sections: (a) - cross section and (c) its diffraction; (b) longitudinal 

section and (d) its diffraction 
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The structure adopts a layered system, which results from the way it is formed. The grain system in the 

structure is characterized by a large angle of disorientation, and the material is practically free of dislocations. 

The only observed dislocations are at the grain boundaries. The phenomenon of smoothing the inner surface 

of the blanked holes with the use of vibrations was observed. In this case, the material is distributed more 

evenly than in the process without the use of vibrations. The probable mechanism of the initial changes in the 

surface structure of the blanked material is shown in Figure 5. After a certain cumulative path of friction, 

adhesive joints of deformed asperities occur, Figure 5a. As a result of further movement of the punch, shear 

stresses appear in the unevenness leading to the formation of shear bands dividing the asperities, Figure 5b. 

The return movement of the punch causes the material to rotate and changes the direction of shear stress 

causing the generation of shear band in a slightly different direction, Figure 5c. The next steps result in the 

formation of subsequent shear bands resulting in successive smoothing and the formation of an ultra-fine 

grained structure - UFG, forming a build-up, Figure 5 e. The characteristic steps resulting from shearing the 

material layer can be observed on the edge of the built-up edge shown in Figure 5a. At the same time, slipped 

and hardened layers tend to separate small portions of material, Figure 5 - particles, which are removed from 

the contact area due to vibrations and occurrence of the lubricant pumping. This results in a mechanism similar 

to abrasive wear, which is not as catastrophic phenomenon such as galling is. The role of surface roughness 

is important in inhibiting the galling phenomenon by vibration. Roughness cavities provide the opportunity to 

relieve areas at risk from adhesive joints. Roughness depressions give the opportunity to relieve areas 

threatened by adhesive connections. There are two opposite phenomena: cleaning the cavities of separated 

particles and the accumulation and joining of shear layers. Depending on which mechanism prevails, the 

course of the process also varies. In the case of aluminum, the process of cleaning the surface of the punch 

from micro-buildups by means of vibrations dominated and, as is shown in Figure 2b, the galling phenomenon 

did not occur. In the case of SS steel, the vibrations only slowed down the build-up process. Repeated shearing 

of the surface layers of the hole surface caused by the vibrating movement of the punch creates UFG structure 

of the build-ups.   

6. CONCLUSIONS 

A progressive blanking die was designed and constructed enabling the use of longitudinal vibrations of the 

punches and was successfully used to work on an industrial press operating at 100 strokes per minute. 

Completed tests of the micro-blanking process of 1 mm diameter holes in aluminum and stainless steel strip 

at an industrial stand with the use of a progressive die were carried out. The die was equipped with 

piezoelectric vibrators enabling the introduction of punches with longitudinal vibrations with a frequency of 250 

Hz and an amplitude of 12 µm allowed to formulate the conclusions presented below:  

 The introduction of punch longitudinal vibrations in the micro-blanking process changes the nature of 

the contact of the side surface of the punch with the blanked material. Sinusoidal excitation of the 

piezoelectric vibrator causes periodic changes in the direction of the friction force causing tangential 

stresses within the surface layers; 

 The use of a vibrating punch causes the phenomenon of smoothing the inner surface of the blanked 
hole. In this case, the material is distributed more evenly than in the process without the use of vibrations; 

 In the process of micro-blanking of aluminum, the use of vibrations resulted in cleaning the punch 

surface and inhibiting the build-up process; 

 In the process of micro-blanking of stainless steel, the use of vibration slowed the build-up process; 

 The build-up made of 1H18N9T stainless steel formed on a vibrating punch during the micro-blanking 
process has an ultra-fine grained structure with dislocation-free grains of a size about 100-200 nm with 

a high degree of misorientation. 
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Abstract  

In modern industry the most urgent problem is to increase the physical and mechanical properties of metal 

materials. One of the promising ways to improve such properties is to grind the elements of the grain structure 

to an ultrafine-grained (UFG) state. From all methods used to produce metal materials with ultrafine-grained 

structures, the most commonly severe plastic deformation (SPD) methods are used. Most of the currently 

existing methods of the SPD implementation have not been used in the real industrial sector due to the existing 

in this method of deformation of the disadvantage, which is the discreteness, i.e. the inability to process 

products of relatively long length and the need for a large number of processing cycles. And this determines 

the economic inexpediency of the introduction of this method in production. To solve these problems, 

technology of combined deformation “ECAP-drawing” have been developed. This work is aimed to 

investigation of bimetallic wire deformation during combined ECAP-drawing. Results of strain state study 

showed that layers of materials in the cross-section of wire have received different values of strain. Stress 

state of both materials is various in both deformation zones - in the ECAP matrix deformation area is divided 

for two sections (tension and compression) separated by diagonal. At all deformation stages the level of 

compressive stresses is much higher of tensile stresses.  

Keywords: Severe plastic deformation, bimetallic wire, combined process, ECAP-drawing, FEM 

1. INTRODUCTION  

Currently, one of the tasks of many countries' economies is to provide the main industries with high-quality 

metal products with unique physical and mechanical properties. However, obtaining materials with such 

properties is often associated with high energy costs. Therefore, the issue of developing new energy-saving 

methods for obtaining materials with properties that combine both high strength and plasticity, which involve 

simple and inexpensive working tools, has great practical importance. 

At the moment, research related to the metal deformation in one continuous line by combining two or more 

simple operations has become particularly relevant. Such combined processes are often able to overcome the 

disadvantages of the simple processes that make up them. So, in recent years, several combined processes 

have been developed, which are based on the ECAP principle [1-5]. Each of these processes can significantly 

increase the productivity of the deformation process by annihilating certain ECAP disadvantages. For example, 

it is possible to deform long-length workpieces, ensuring the continuity of the deformation process. 

A special place among these methods is occupied by the "ECAP-drawing" combined process. Its key feature 

is that, unlike other combined methods, there is no rolling stage. The continuity of deformation is provided by 

the drawing process, which takes place immediately after the ECAP process (Figure 1). Due to this unique 

deformation scheme, a sufficiently high level of tensile stress develops in the section of the workpiece, while 

the wrong selection of technological parameters will lead to the breakage of the deformable wire. The paper 

[6] presents theoretical and experimental results of this process study for steel wire deformation. 
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Figure 1 Scheme of "ECAP-drawing": 1 - wire; 2 - pushing device; 3 - ECA-matrix; 4 - drawing die; 5 - drum 

However, at the moment, the development of this combined process was conducted only for homogeneous 

materials. At the same time, bimetallic wire is increasingly used as a source material for the production of wires 

- it’s a long-length product of composite steel rolled products consisting of metals and alloys with different 

chemical and physical characteristics. 

Bimetallic wire consists of two layers of metals, the properties of which complement and strengthen each other. 

The most commonly used connection types are steel-aluminum and steel-copper. The construction of a 

bimetallic wire consists of a core and a shell. The core is made of high-strength steel grades, the shell is a 

different metal or alloy in properties. The combination of two different metals gives the product universal 

performance characteristics (wear resistance, corrosion resistance, strength, electrical and thermal 

conductivity). 

This work is devoted to the study of bimetallic wire deformation of "steel-aluminum" type by the "ECAP-

drawing" combined process. 

2. FEM SIMULATION 

One of the most effective methods of theoretical analysis of any technological process currently is computer 

simulation using the finite element method. This method of research has several undeniable advantages:  

 possibility to visualize the studied process, even inside the workpiece or tool, that is impossible in real 

conditions; 

 complex analysis of several parameters at once at any point of the studied object, that is also often 
impossible with traditional methods, for example, in the absence of necessary empirical equations; 

 ability to optimize the process by varying the values of certain geometric or technological parameters. 

All these advantages have made FEM simulation a fairly common method of theoretical study. If we consider 

FEM modeling from the point of view of metal forming, then the leading position is occupied by the Deform 

program, which allows to simulate almost any deformation process. During modeling the deformation of a 

bimetallic wire using the "ECAP-drawing" combined process, it is necessary to solve two problems at once:  

1) study the stress-strain state under complex loading, due to the combining two operations, that leads to 

the appearance of two deformation zones; 

2) conduct a study of the stress-strain state for each material separately. 

A bimetallic wire of "steel-aluminum" type with a diameter of 10 mm was used as the initial billet, diameter of 

the steel core was equal to 8 mm. The core material was chosen AISI-1010 steel (analogous to steel 10). 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

185 

Aluminum alloy 1100 was chosen as the shell material. The deformation was performed at room temperature. 

The angle of junction of channels in the ECA-matrix was equal to 145°. At the drawing stage, 5% compression 

was provided, up to a diameter of 9.5 mm. The elastic-plastic type was chosen as the material model for the 

core and shell. Since both materials are stationary relative to each other in a bimetallic wire, a rigid unbreakable 

contact has been established between them. On the contact of the aluminum shell and both tools (ECA-matrix 

and drawing), a coefficient of friction of 0.1 was set, which corresponds to the polished surface with the use of 

grease. 

During developing this combined process, it was found that in order to prevent wire breakage in the area 

between the matrix and the fiber, it is necessary to coordinate the pulling speed applied to the front end of the 

workpiece and the pushing speed applied to the rear end. At a given rear speed of 10 mm/s and reducing the 

cross section of the wire from 10 to 9.5 mm, the front speed will be 11.08 mm/s.   

Before starting the stress-strain analysis, it is also necessary to decide which parameters will be studied. To 

assess the strain state, it is most convenient to consider the criterion "equivalent strain", the value of which 

depends on the values of the main deformations and is determined by the formula: 

     2 2 2
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When considering the stress state, the "equivalent stress" criterion is often used to estimate the average level 

of stress that occurs, and this is often sufficient. This criterion depends on the values of the main stresses and 

is determined by the formula:  
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However, in this combined process, the deformation scheme is such that if the initial parameters are incorrectly 

selected, the deformation may be unstable, leading to a wire break. Considering this fact, consideration of the 

equivalent stress in the ECAP-drawing is insufficient. Therefore, for a full assessment of the resulting stresses, 

it is also necessary to study the criterion "average hydrostatic pressure", which allows you to estimate the 

value of the stress taking into account the sign, i.e., to estimate the value of tensile and compressive stresses. 

This criterion is derived from the values of the main stresses and is determined by the formula:  
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3. RESULTS AND DISCUSSION 

3.1. Strain state 

When considering the ECAP stage of this combined process, it was found that passing through the channels 

of the ECA-matrix, the shell and core receive different levels of strain (Figure 2a). The largest amount of 

equivalent strain, reaching ε=1.5 in some areas, the aluminum shell receives in the zones of the junction of 

channels - when moving and rubbing against the rounded zones of the corners of the joint. The core gets a 

much smaller deformation - the central zone of the core is processed to ε = 0.4, the surface layers of the core 

get a higher deformation, to ε=0.6. Despite the fact that both materials are in a rigid engagement with each 

other and must deform the same way, such a significant difference in the development of strain is due to the 

different amount of deformation resistance of both materials. In other words, in this case, one material is much 

softer and more pliable than the other. After the drawing stage (Figure 2b), a small increase in strain is 

observed only in the shell to ε=1.7, the level of strain in the core almost does not change. 
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а)  

b)  

Figure 2 Equivalent strain: a - ECAP stage; b - workpiece after the drawing stage 

3.2. Stress state 

When studying the equivalent stress at the ECAP stage, it was found that when passing through the channels 

of the ECA-matrix, different stress levels develop in the shell and core (Figure 3a), covering the entire zone 

of the junction of the channels. In an aluminum shell, the average value of the equivalent stress is 110÷120 

MPa. In a steel core, due to the simultaneous action of the pulling speed at the front end, which causes 

stretching, and the backing speed at the rear end, which causes compression, there is an alternating 

distribution of stress. When passing the intermediate channel, the highest stress occurs in the lower part of 

the core, reaching 480 MPa. But, in the output channel, when the influence of the back speed weakens, the 

maximum stresses are realized already on the upper part of the core (490 MPa), generally balancing the entire 

deformation zone.  

When drawing (Figure 3b), the deformation zone is completely symmetrical. In the shell, the average value of 
the equivalent stress is 130 MPa. The average stress level in the core is significantly reduced to 280 MPa. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

187 

а)  

b)  

Figure 3 Equivalent stress: a - ECAP stage; b - drawing stage 

When considering the average hydrostatic pressure at the ECAP stage, it was found that the distribution of 

this parameter is similar to the distribution of the equivalent stress (Figure 4a).  In the aluminum shell, in areas 

without contact with the tool, there are tensile stresses of 100÷110 MPa. In straight sections with contact with 

the matrix, the shell experiences back pressure from the matrix, which leads to the creation of compressive 

stresses of -80÷-90 MPa. The maximum level of back pressure is created directly at the channel junctions - 

here the value of compressive stresses reaches a value of -350 MPa. 

In a steel core, the distribution of tensile and compressive stresses can be called identical to the distribution in 

the shell. On the upper sections of the input and output channels, as well as on the lower section of the 

intermediate channel, there are tensile stresses, the value of which is about 230÷240 MPa. In the opposite 

sections, compressive stresses reaching -360 MPa are implemented in all channels. 

When drawing (Figure 4b), the deformation zone, as well as when considering the equivalent stress, is 

completely symmetrical. Compressive stresses of approximately -160 MPa occur in the shell.  In this case, the 

entire core creates tensile stresses at the level of 90 MPa. The reduction of these tensile stresses in the core 

is observed directly in the deformation zone, where their value is reduced to 40 MPa. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

188 

а)  

b)  

Figure 4 Average hydrostatic pressure: a - ECAP stage; b - drawing stage 

4. CONCLUSION 

The considered combined process "ECAP-drawing" is quite interesting from the point of view of the possibility 

of deforming such a material as bimetallic wire. When analyzing the strain state, it was found that each material 

in a bimetallic wire receives different values of strain in a single cycle, which is due to the difference in the 

strength and plasticity levels of these materials. The stress state of both materials is different in both zones of 

deformation - in the ECAP zone, the deformation zone is divided into sections of tension and compression, 

divided diagonally. In the drawing zone, the deformation zone is completely symmetrical. At all stages of 

deformation, the level of compressive stress is significantly higher than the tensile stress. 
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Abstract  

In order to reduce CO2 emissions, lightweight constructions and the use of steel-aluminium components have 

become increasingly important in current product development. When manufacturing such components, the 

dissimilar chemical and physical properties of these materials lead to major challenges in terms of metallurgical 

bond formation during joining. In particular, chemical compositions have a major impact on the joint properties 

and have therefore already been intensively investigated in welding technology. With regard to forming 

technology, the issue arises whether these findings can be transferred to simultaneous forming and joining for 

the manufacturing of steel-aluminium components by compound forging. In the scope of this study, aluminium 

workpieces were therefore alloyed with defined amounts of common welding additives such as zinc, nickel and 

silicon using powder metallurgy. Subsequently, these workpieces were forged together with steel and 

subjected to metallographic examination. The studies show that compound forging of the used alloy 

configurations is basically possible - however, bond formation varies significantly with different chemical 

composition. Alloying with zinc and silicon results in a reduced liquidus temperature and consequently in 

melting. In contrast, alloying with nickel leads to an extended joining zone and benefits the maximal mechanical 

load capacity.  

Keywords: Powder metallurgy, compound forging, lightweight  

1. INTRODUCTION 

There are several material and process related limitations when monolithic components are used in 

applications, in which different regions of the components are subjected to different loads. In order to bear 

these loads efficiently while maintaining low weight, components can be tailored to their specific local 

requirements as for example as steel-aluminium components [1]. When joining steel and aluminium 

metallurgically, brittle intermetallic Fex-Aly phases may occur and can affect the bonding strength depending 

on the phase thickness [2]. The relationships that arise in this context have already been investigated 

extensively in the field of welding of steel-aluminium sheets. Song et al. joined steel and aluminium sheets by 

TIG welding-brazing with aluminium-silicon filler wires [3]. They pointed out that the addition of silicon prevents 

the formation of intermetallic phases (IMP) and minimises their thickness, due to the diffusion-inhibiting effect 

of silicon [4]. By adding nickel and zinc, other intermetallic phases such as AlxZny, FexZny, AlxNiy or FexNiy, can 

be formed [5]. In comparison to classic FexAly phases, these mentioned phases have a higher ductility and a 

smaller negative effect on the bonding strength [6].  

In order to save energy and resources in the manufacturing of steel-aluminium components, technologies 

combining forming and joining in one single operation can be used. One of these technologies is compound 

forging, where joining is achieved by creating a metallurgical and/or mechanical bond during forming. Figure 1 

demonstrates an example of a corresponding process chain, being used in this study, Firstly, an aluminium 
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core is inserted in a steel casing to obtain a hybrid workpiece. Then, the hybrid workpiece is heated inductively 

and finally formed in a closed die forging process to manufacture a hybrid part, such as a geared hybrid 

component.  

 

Figure 1 Overview of an exemplary process chain of compound forging 

In order to influence the properties of the joining zone during compound forging, it is possible to apply the 

above-mentioned filler material (nickel, zinc or silicon) as a coating to the aluminium core or adding it as an 

alloying element. In compound forging, such coating systems are not sufficient. During forming, the high 

surface expansion of the materials results into a decreased coating thickness and can even end into a complete 

destruction of the coating layers. Both effects influence the joining process negatively. Alloying the aluminium 

core with the corresponding element leads to a diverging melting and heat conduction behaviour. Combined 

with the heat exchange to the steel, there is a high risk of melting during compound forging. Consequently, 

this results in poor bonding properties [7]. With regard to the influence of alloying elements on IMP formation, 

the question arises whether the above-mentioned findings on the welding of aluminium and steel can be 

transferred to compound forging. In this paper, this question is addressed utilising a compound forging process 

to manufacture a geared steel-aluminium component (Figure 1). The aim is to use nickel, zinc and silicon as 

alloying elements in order to influence the joining properties specifically and to identify process limits. Based 

on these findings, methods can be developed to manufacture steel-aluminium components with optimised 

bonding properties. 

2. MATERIALS AND METHODS 

In order to accomplish this aim, aluminium cylinders were first manufactured in different alloy configurations 

by means of powder metallurgy. These were assembled with a soft annealed steel case (AISI 1060) as shown 

in Figure 1, then heated and compound forged in order to manufacture a geared steel-aluminium component. 

By adjusting different tooth lengths, as illustrated in Figure 1, the surface expansion was varied within a range 

of 50 %, 55 %, 65 % and 73 %. After forming, the parts were separated and metallographically examined, 

focussing on the joining zone. 

For manufacturing different aluminium alloys, a ready-to-press powder mixture (Alumix 123, company Kymera 

International, formerly Ecka Granules) was used and combined with each of the following elemental powders 

with 5 wt.% and 10 wt.%: zinc, silicon and nickel. This resulted in seven different types of aluminium cores. In 

the following, these aluminium cores are assigned to the separately added alloying element in the 

corresponding weight grade, namely Alumix 123, 5Zn, 10Zn, 5Si, 10Si, 5Ni and 10Ni (Table 1). The green 

bodies were manufactured by double-sided pressing with an average compaction pressure of 600 MPa on a 

multi-axis powder press from SMS Meer and then heat treated in a sintering process. For this, all green bodies 

were heated under vacuum (p < 1 mbar) to 400 °C for over 15 min and subsequently sintered for 30 min at 

570 °C and cooled to room temperature. Table 1 contains the corresponding chemical composition of the 

alloyed aluminium cores and the specific solidus- and liquidus temperature, which was calculated based on 

the state of the recent literature.  
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Table 1 Chemical composition and solidus and liquidus temperature of manufactured aluminium cores [8] 

 Al (wt.%) Cu (wt.%) Si (wt.%) Mg (wt.%) Zn (wt.%) Ni (wt.%) 

Solidus 
temper-

ature 
(°C) 

Liquidus
temper-

ature 
(°C) 

Alumix 123 94.40 4.50 0.60 0.50 0.00 0.00 558 648 

5Zn 89.68 4.28 0.57 0.48 5.00 0.00 530 635 

10Zn 84.96 4.05 0.54 0.45 10.00 0.00 530 630 

5Si 89.68 4.28 5.57 0.48 0.00 0.00 520 608 

10Si 84.96 4.05 10.54 0.45 0.00 0.00 520 580 

5Ni 89.68 4.28 0.57 0.48 0.00 5.00 - 630 

10Ni 84.96 4.05 0.54 0.45 0.00 10.00 - 700 

An important criterion is to obtain an adequate forming result, specific heating strategies and an appropriate 

temperature gradient between steel and aluminium are needed, to adjust almost equal flow stresses [9]. This 

requires an inhomogeneous heating in which steel is heated to forming temperatures in a range between 

900 - 1,200 °C. The aluminium is heated to 250 - 350 °C [10]. For this matter, induction heating experiments 

were carried out using a mid-frequency generator (Hüttinger TruHeat MF 3040) with a voltage output of 300 V 

and maximum power output of 40 kW. The workpieces were combined, placed in the inductor and 

thermocouples were positioned in case and core of the aluminium workpieces and near the case of the steel 

workpiece to monitor temperature distribution. During three different power-time stages, the steel was firstly 

heated inductively with a 50 % power-output for 10 s to forming temperature (Stage 1). In a time-range of 5 s, 

the heat was transferred from the case to the aluminium core without any power-output to adjust the necessary 

inner forming temperature (Stage 2). Finally, the case was reheated inductively up to the origin forming 

temperature by a power-output of 50 % for 8 s (Stage 3). By the application of this heating-profile, all 

combinations were heated to the desired temperature field (Table 2). Adjusting equal forming temperatures 

between the combinations was not possible due to the different thermal conductivities of the alloyed aluminium 

cores.  

Table 2 Steel and aluminium temperatures for all combinations before compound forging 

 
Alumix 

123 
5Zn 10Zn 5Si 10Si 5Ni 10Ni 

Steel temperature (°C) 779.6 835.3 725.9 793.8 798.4 794.1 748.4 

Aluminium temperature (°C) 284.2 293.3 321.5 280.7 279.1 264.2 316.3 

After the heating tests, compound forging experiments were carried out using a fully automated forging cell 

with a screw press of 5 MN nominal force. The forming tools were heated to a target temperature of 300 °C 

using heating cartridges and being lubricated with the dry lubricant CON TRAER G 300. The combined steel-

aluminium workpieces were polished mechanically, cleaned in an ultrasonic bath, inserted in the inductor, 

heated, transferred to the forming tool within 5 s by a robot, compound forged and quenched. After compound 

forging, the hybrid components were cut by wire EDM (electro-discharge machining) according to Figure 2. 

Material distribution and joint formation were investigated by means of light microscopy.  

3. RESULTS AND DISCUSSION 

During the experiments, except from AISI1060-5Si and AISI-10Si, all material combinations were compound 

forged without internal blowholes and meltings in the aluminium core. Figure 2 shows the manufactured 

component and material distribution (St = steel; Al = aluminium). The visual inspections of section 1-1 till 4-4 
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revealed increasing local meltings in the contact zone for all material combinations. Furthermore, above level 

2-2 internal cracking starts in the aluminium, and above level 3-3 also in the steel case. This is probably due 

to reduced formability within the corresponding temperature range of the steel material. Forming temperatures 

were not increased because further melting of the aluminium core was expected.  

 

Figure 2 Compound forged hybrid component (Combination: AISI 1060-5Si) 

In metallographic investigations, a continuous air gap between steel and aluminium was detected in all tooth 

planes of the investigated material combinations (Figure 3). This might result from the higher coefficient of 

thermal expansion of the aluminium cores leading to high shrinkage cavities. When analysing the contact zone, 

it can be seen that the roughness of the materials represents the respective counterpart to each other 

(Figure 3). Thus, a contact between steel and aluminium seems to exist during the forming process and an 

adequate joining takes place. At the same time, deformation and heat exchange lead to an increase in the 

forming temperature of the aluminium core. During quenching, the shrinkage of the aluminium cores 

predominates and results in a destruction of the joining zones, so that aluminium breakouts adhere exclusively 

to the steel case. In the following, the joining line was analysed and marked graphically, as illustrated 

exemplarily in Figure 3 for AISI1060-Alumix 123, and the thickness measured in this range. For a better 

comparison, the maximal joining line thickness for all combinations is summarised in Table 3. 

Table 3 Overview of the maximal joining line thickness resulting from compound forging 

 Section 1-1 Section 2-2 Section 3-3 Section 4-4 

Joining line thickness 
Alumix 123 (µm) 0.8 ± 0.1 1.7 ± 0.2 2.2 ± 0.1 - 

Joining line thickness 5Ni (µm) 2.0 ± 0.7 0.7 ± 0.1 0.80 ± 0.3 - 

Joining line thickness 10Ni (µm) - 1.40 ± 0.3 4.8 ± 1.2 5.1 ± 0.6 

Joining line thickness 5Si (µm) 0.80 ± 0.30 - - - 

Joining line thickness 10Si (µm) 1.1 ± 0.4 - - - 

By varying the surface expansion by 50 % (section 1-1), 55 % (section 2-2), 65 % (section 3-3) and 73 % 

(section 4-4), no clear growth in the thickness of the joining line can be recorded (Table 3). Similar to cold 

welding, presumably only a threshold value must be exceeded in order to establish a metallurgical joint [11]. 

In contrast, alloying influences material properties extensively and thus, joining behaviour. While the 
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AISI 1060-Alumix 123 combination merely showed short, segmented joining lines, alloying with nickel led to a 

significant increase in the continuity of the joining lines and increased with higher nickel content. This is 

probably due to the increased diffusion tendency and has also been observed in the welding of steel-aluminium 

sheets with nickel coating [7]. Due to the increasing length of the joining line and the resulting increase of the 

joining area, an increase in maximum load capacity is expected. In contrast, alloying with zinc, compared to 

the reference combination AISI 1060-Alumix 123, leads to a destruction of the joining zones. By adding this 

element, the liquidus and solidus temperature were reduced considerably and at the same time the heat 

conduction coefficient increased, so that during induction heating, higher forming temperatures are achieved. 

Both effects favour fusion metallurgical joining, but no material compound can be identified in all tooth planes 

of the AISI 1060-5Zn and AISI 1060-10Zn combinations. A comparable joining behaviour also exists among 

copper-alloyed AlZn wrought alloys, which are comparable in their chemical composition to the aluminium 

cores 5Zn and 10Zn. During the joining of copper-alloyed AlZn wrought alloys with steel, the resulting material 

composites fail due to an increased hot cracking tendency and micro-crack formation during cooling [12]. Thus, 

as shown in Figure 3 (AISI1060-5Zn), a weld structure with increased microcracks forms in the aluminium 

material with increased micropitting in the contact zone in addition to an air gap (middle) in the combinations 

investigated (right). A comparable joining behaviour can be observed with the material combinations 

AISI 1060-5Si and AISI 1060-10Si. For the compound forged AISI 1060-5Si and AISI 1060-10Si samples, a 

thin joining line was only observed in section 1-1. The addition of this element reduces the diffusion tendency 

considerably, so that the corresponding element inhibits the formation of a metallurgical bond [6].  

 

Figure 3 Joining zone of compound forged components in section 1-1 
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4. CONCLUSION 

Within the scope of the present investigations, aluminium cores were individually alloyed with 5 and 10 wt.% 
of nickel, silicon and zinc and manufactured by powder metallurgy. Subsequently, the workpieces were 
combined with AISI 1060, heated to forming temperature and were afterwards compound forged. After 
quenching, the geared hybrid components were cut and the influence of surface expansion and the respective 
alloying elements on joint formation was investigated by light microscopy. It was found that a metallurgical joint 
already occurs starting from a surface expansion of 55 % at the corresponding forming temperatures. In 
contrast, it could be demonstrated that joint formation highly depends on silicon and nickel. By adding silicon, 
the thickness of the joining line could be reduced (5Si, 10Si). At the same time, alloying led to a reduction of 
solidus and liquidus temperatures. As a result of this circumstance, deep shrinkage cavities were detected in 
all combinations. In summary, alloying influences the joining behaviour to a high degree and results into major 
challenges in compound forging of steel-aluminium components.   
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Abstract 

At the beginning of the production of body parts from Al-alloy, there was a requirement to experimentally verify 

its suitability for their production. This alloy is characterized by a combination of various stress-deformation 

properties influencing the non-uniform plastic flow of the material, especially during deep drawing of complex 

shaped drawn parts. The properties evaluation of the analyzed material was focused on the experimental 

determination and comparison of the parameters with the parameters given by the producer. The experiments 

were supplemented by deep drawing tests of the drawn part under laboratory conditions. The magnitudes and 

courses of tensile and holding forces on the experimental tool and the magnitudes of deformations at individual 

drawn part points were evaluated. The experiments confirmed the suitability of the material for deep drawing. 

They also indicated the sensitivity of the material to the setting of process parameters - holding force and 

lubrication on the forming tool. 

Keywords: Car framework, Al-alloy, stress-strain characteristics, formability, testing methods  

1. INTRODUCTION 

Aluminum alloys began to be used in car bodies in 30‘s of the last century. The lower price of steel and the 

increasing requirements for strength and stiffness properties have caused that steel in the form of conventional, 

high-strength, but also tailor welded blanks become the most widely used material [1-3]. However, higher 

demands on weight reduction in the construction of car bodies create the need for applications of aluminum or 

magnesium alloys. These materials are used not only for external car body parts, but also for parts of the body 

construction - the car framework [4-6]. At present, body parts made of aluminium and magnesium alloys have 

been used in automobiles since the lower middle class. Some carmakers as Audi, Jaguar, Landrover and 

others already produce all-aluminum bodies with weight savings of 30 to 40 %. After the start of the new press 

shop operations, VW Slovakia focuses on the production of parts from Al-alloys for the entire concern. In 

connection with the start production of the new generation of the Audi Q7 car, a request arose for the analysis 

of the formability of the EN-AA 6000 T6 material supplied by Magna Steyr Graz, from which the car's front 

bonnet parts are made. In the analysis of the properties of Al-alloy, the stress-strain characteristics, part of the 

FLD diagram [6-7] and workpieces made using a laboratory tool were evaluated. The strain magnitude in 

selected points of the workpiece and the influence of the holding force on the formability resp. workpiece shape 

were evaluated [8-9]. 

2.  PROPERTIES OF AL-ALLOY 6XXX 

A sheet of AlMgSi alloy with the designation EN-AA 6000 T6 and chemical composition (Table 1) was selected 

for the experiments. In 6xxx series alloys, the Mg2Si phase may be formed during the alloying of Mg and Si, 

which results in their precipitation hardening. Alloys can be heat treated by solution annealing and subsequent 

natural aging (T4) or artificial aging (T6). 
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Table 1 Chemical composition of aluminum alloy EN-AA 6000 T6 [10] 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0.5 - 1.5 ≤0.5 ≤0.25 ≤0.2 0.25 - 0.8 ≤0.2 ≤0.2 ≤0.15 Rest 

Mechanical properties according to the material standard were measured in the transverse direction to the 

rolling direction: Heat treatment T6 (artificial aging after solution annealing) at 185  2 ˚C and 20  1 min 

according to EN-515. Sheet thickness was s ≤ 2 mm, Rp0.2 ≥ 200 MPa, Rm ≥ 240 MPa, A80 ≥ 12 %, 80 HBW 

2.5 / 62.5 [10]. 

3. EXPERIMENTS CONDITIONS  

The samples made of 1.1 mm thick 

aluminum alloy sheet according to STN 

EN ISO 6892-1.2010-01 were used for the 

static tensile test. A circular deformation 

mesh with a mean element diameter of  

 4.98 mm was screen-printed on the 

samples. The samples for the evaluation 

of the basic strength and deformation 

properties and anisotropy of the material 

were taken from the sheet in the direction 

0˚, 45˚ and 90˚ with respect to the rolling 

direction. The tests were performed on an 

INSTRON 1195 test machine. The 

process was recorded with a Canon EOS-

1000D digital camera with a Canon EF-S 

60 mm f2.8 Macro USM lens. The 

measured values of stress at yield 

strength Rp0.2 = 151.28 MPa and at tensile 

strength Rm = 215.73 MPa reach slightly 

lower values than prescribed by the producer in the material standard, elongation A80 = 13.50% exceeds the 

prescribed values of the producer. The value of contraction Z = 40.76 % is not stated in the material standard. 

The flow curve from the measured and calculated values is shown in Figure 1. 

The strain hardening exponent was determined from the flow curve (Figure 1) and the parameters σA, φA and 

σB, φB according to equation (1): 

 � ��� ������ ��
��� ������ �� � ���� ���.������� ���.���

��� �.
�
���� �.��
 � 0.1009                                  (1) 

4. MEASUREMENT OF NORMAL ANISOTROPY OF AL-ALLOY EN-AA 6000 T6 

Normal anisotropy values were determined by measuring the true strains of the test specimens from the 

deformation mesh photographs imported into the CATIA V5R20 program. The anisotropy values were 

registered in a static tensile test on sheet metal samples with orientation in the direction 0˚, 45˚ and 90˚ to he 

direction of rolling. In the images, 8 primary (in the direction of the action of drawing force) and secondary (in 

the direction perpendicular to the action of drawing force) axes of the formed ellipses were dimensioned 

(Figure 2). From the measured values of the individual elements of the deformation mesh, the values of the 

real dimensions and the values of the true strains were calculated by means of a scale. 

Figure 1 Flow curve of Al-alloy EN-AA 6000 T6 
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Figure 2 Method of measuring strains on samples in the CATIA V5R20 program 

From the values of the strains, the average values of normal anisotropy were calculated: 

 �` � �"
�# � ��.�$��

��.�%�� � 1.15                                                                                         (2) 

 '�` � �"
�# � ��.��%�

� ��� �.
'�' � 0.48                                                                                  (3) 

 $�` � �"
�# � ��.�%�%

� ��� �.

�� � 0.64                                                                                 (4) 

and the mean value of normal anisotropy: 

 + � 

' , �` - 2.  '�` -  $�`/ � 


' ,1.1498 - 2.0.4774 - 0.6392/ � 0.6686                        (5) 

The normal anisotropy of samples oriented in the 0˚ direction reached values greater than 1. This means that 

the material is more prone to strain in the width and length directions than the thickness. For directions 45˚ 

and 90˚, the material is more prone to strain n the thickness direction. 

5.  MEASUREMENT OF PLANAR ANISOTROPY OF ALUMINUM ALLOY EN-AA 6000 T6  

The samples oriented in the 0˚, 45˚ and 90˚ direction with respect to the rolling direction were subjected to a 

static tensile test on an Inspect 5 Desk device connected to a computer. The course of forces depending on 

the elongation of the sample was recorded in digital form in the LabMaster program. 

Table 2 Values of anisotropies of stress-deformation properties 

 1. 0˚ 2. 0˚ Ø 0˚ 3. 90˚  4. 90˚ Ø 90˚ 5. 45˚ 6. 45˚ Ø 45˚ 

Rm  268.65  255.51  262.08  238.13  251.80  244.96  274.64  264.86  269.75  

ARm       -6.53%   2.93% 

Rp0,2  164.74  146.40  155.57  137.26  149.77  143.51  171.01  160.67  165.84  

ARp0,2        -7.75%   6.60% 

A80 25.08%  23.55%  24.32%  22.04%  23.96%  23.00%  24.84%  25.12%  24.98%  

AA80       -5.41%   2.73% 

Z  26.51%  39.62%  33.07%  31.17%  32.37%  31.77%  30.20%  36.74%  33.47%  

AZ       -3.91%   1.22% 
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The values of anisotropies of stress-deformation properties reached values lower than 8 % (Table 2). The 

values of mechanical properties corresponded to the material standard from the producer, but the nominal 

yield strength reached slightly lower values. 

 
Figure 3 Samples for determining part of the Forming Limit Diagram (FLD) 

 

Figure 4 Deformation element measurement for a sample with R = 5 mm (left), Part of the FLD for Al-alloy 

EN-AA 6000 T6 (right) 

6.  FORMING LIMIT DIAGRAM (FLD) OF ALUMINUM ALLOY EN-AA 6000 T6 

Circular cut samples with different cutout radius were used to determine a part of the forming limit n diagram 
(Figure 3). The time course of deformation of the circular elements of the deformation mesh was registered 
by a photographic device. The specimens were clamped in the jaws of the testing machine INSTRON 1195 so 
that the axis of the specimen was equally oriented with the axis of the applied force. During the experiment, 
images of the mesh deformation until their rupture were in sequence recorded. Images were imported into 
CATIA V5R20 software. The sizes of the primary and secondary axis of the resulting ellipse closest to the 
rupture point of the sample were measured. Dimensions were positioned so that the beginning and end of the 
dimension was located in the center of the ellipse line. To determine the real dimensions, a scale from graph 
paper was used for the conversion (Figure 4 left).  

From the calculated strains values  

2
 � 3 4
5                                                                                                       (6) 

2� � 3 6
5                                                                                                      (7) 

a part of the Forming Limit Diagram (Figure 4 right) was constructed, which was used in another experiment 

to analysis the strains in most exposed parts of the drawn part. 

R=5 R=10 R=15 R=20 R=40

R 
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7.  DEFORMATION MEASUREMENT ON EN-AA 6000 T6 ALUMINUM ALLOY DRAWN PARTS 

The blanks for the deep-drawing experiment had a shape optimized by the Dynaform simulation program. 

They were made of aluminum alloy sheet type EN-AA 6000 T6 with a thickness of 1.1 mm and applied by 

deformation mesh by screen printing. The blanks were oriented so that the rolling direction formed an angle of 

0˚, 45˚ and 90˚ with the major axis of the ellipse. They marked as follows: samples No.2 and 3 for 45˚, samples 

No.4 and 5 for 0˚ and samples No.6 and 7for- 90˚. The drawing of the samples was performed on a double-

acting hydraulic press PYE 160 S. The die of the tool was clamped on the ram press, the punch was placed 

on the press table. The force on the blankholder was adjustable by eight posts with a piezoelectric force 

transducer on every second column that was connected to the measuring device SPIDER 8. The calibration 

stroke was performed empty and served to set a constant value of the holding force. WEDOLIT N22-3N 

lubricating oil was used to lubricate the functional parts. CATIA V5R20 software was used to measure the 

deformation of individual circles of the deformation mesh. The drawn parts images were taken with a Canon 

EOS-1000D camera with Canon EF-S 60 mm f2.8 Macro USM lens. Sample No. 7 was selected, which was 

evaluated in the longitudinal, transverse and diagonal directions. The largest and smallest values of the ears 

in the corners of the drawn part were measured. The strain diagram was constructed from the measured and 

calculated strains values of individual elements of the deformation mesh (Figure 5). 

a)  b)  

c)  

Figure 5 Measurement directions of strains on drawn parts: a) longitudinal direction, b) transverse direction, 

c) diagonal direction 

 

Figure 6 Graphical illustration of strains of the deformation mesh elements of sample No. 7 from the left 

edge to the center of the drawn part (left)), The course and magnitude of the holding forces depending on 

the stroke time during the calibration stroke (right) 
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It was found that there is almost no or only minimal deformation at the bottom of the drawn parts (the face of 

the punch wasn´t lubricated). Significant deformations were noticed on the side walls of the drawn parts. The 

largest deformations were measured in the corners of the drawn parts. 

8.  MEASUREMENT OF HOLDING FORCES DURING DEEP DRAWING OF ALUMINUM ALLOY EN-

AA-6000-T6 

Deep drawing of the drawn parts was performed on 6 samples according to the procedure described in the 

previous chapter. The result of the calibration of the force transducers is shown in Figure 6. The transducers 

were connected to the measuring device SPIDER 8. Due to the shape of the drawn part, they were marked 

and arranged as follows: Sensor No.1 between corners No.2 and 3, Sensor No.2 between corners No.3 and 

4, Sensor No.3 between corners No.4 and 1, Sensor No.4 between corners 1 and 2. In addition to the holding 

forces, the course of the total tensile force was also recorded on the sample No. 7 (Figure 7- curve 0). The 

most significant ear was formed in the corner No. 3, therefore the sample was also selected for measuring the 

deformation mesh strains. 

 

Figure 7 Magnitude and course of drawing and holding forces (workpiece No. 7) 

9.  DISCUSSION OF RESULTS AND CONCLUSION 

The aim of the study was to analyze and evaluate the properties of a sheet 1.1 mm thick made of aluminum 

alloy EN-AA 6000 T6 designed for pressing the front hood of the car Audi Q7. The application of the 

deformation mesh to the test specimens and blanks as well as the use of a photogrammetric method of 

measuring the changes in the dimensions of the deformation mesh allowed to determine the size of the strains. 

A high-resolution camera using a MACRO function lens was used. The images were measured in the CAD 

program CATIA V5R20. The values of yield strength and tensile strength were lower, the measured elongation 

was higher.) The material sheet wasn´t listed the value of contraction. The flow curve was used to determine 

the average value of the exponent of strain hardening, which was also not given in the material standard. The 

normal anisotropy values of the samples oriented in the 0˚ direction reached values greater than 1, i.e. the 

material is more prone to strain in the width direction than the thickness. In this direction, it should be realized 

the largest strains because there is no danger of critical thinning of the drawn part wall. In view of this fact, the 

shape of the blank should also be oriented. In the 45˚ and 90˚ directions, the material is more prone to strain 

in the thickness direction. Planar anisotropy showed a value bellow 8 %. The basic stress-strain properties 

differed only slightly and therefore there was no danger of significant ears formation during deep drawing. The 

measured results of part of the FLD diagram reached lower values in comparison to the producer's data. 

Measurements of the magnitudes and courses of the strains and holding forces showed the sensitivity of the 

sheet material to the quality and uniformity of lubrication of the tool functional parts. The resulting earing of the 

experimental drawn parts was caused by these drawbacks. Calibration of the holding forces and the design of 
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the tool eliminates the asymmetry of the positioning of the blank at the beginning of the drawing process and 

the creation of conditions for the formation of undesired ears on the drawn part. The analysis showed a limited 

use of EN-AA 6000 T6 material for the production of car body parts, because the material showed limited 

plasticity and sensitivity to compliance with the process parameters of the production technology (distribution 

of holding force, lubrication). 
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Abstract 

During forging, dies are subject to a complex load collective caused by combined thermally and mechanically 

induced stresses. Crack formation and deformation on tool surfaces, as a result of low fatigue resistance, lead 

to tool failure and high process costs. Grain refinement is regarded as a method to improve fatigue resistance 

due to enhanced ductile material properties. To generate a fine-grained microstructure in the die material, 

increased deformation can be applied in the metastable austenite phase, also known as ausforming. In this 

study, the thermo-mechanical treatment ausforming will be used to form the final contour of forging dies. For 

this purpose, an analogy study was performed in which a preform is ausformed. It is investigated to what extent 

a fine-grained microstructure can be achieved in the final forming stage. The hot-working steel X37CrMoV5-1 

(AISI H11) was used as specimen material. The developed sample geometry represents the inner contour of 

a highly mechanically loaded forging die. To achieve optimal properties, process routes with different cooling 

strategies and two defined true plastic strains were examined in metallographic analysis and hardness 

measurements according to EN ISO 6507-1 (HV1). It is shown that, after complete austenitisation, the highest 

hardness values can be achieved by applying a water-air spray cooling with subsequent forming. This could 

be demonstrated without material failure in the samples even with a high true plastic strain.  

Keywords: Metastable austenite, ausforming, cooling rate, true plastic strain 

1. INTRODUCTION 

Tools used in forging operations are subject to a superimposed cyclic load spectrum, which differs depending 

on the geometry [1]. A typical failure mechanism in areas of small radii, which frequently occurs for highly 

mechanically loaded dies in addition to abrasion and deformation, is crack formation and propagation. The 

number of load bearing cycles is decisive for the efficiency of a forging process and defines the tool´s service 

life [2,3].  

The aim of this study is to increase the service life of forging tools by improving the microstructural properties 

of hot working steels with regard to ductility while maintaining high hardness. The increase in hardness of 

conventional hot work steels, without loss of ductile properties, is limited in conventional thermal tempering 

processes. These properties (hardness and ductility) are crucial to counteract failure due to crack formation 

under high thermo-mechanical loads. The cyclical temperature change on the die surface leads to microplastic 

deformations and cracks in non-metallic inclusions and segregation carbides [4]. As depicted in Figure 1 (left), 

when producing such tools by machining, the grains are broken unfavorably, leading to low fatigue resistance 

in areas of small radii. 

Ausforming is a method of improving the above-mentioned properties by adapting the microstructure alignment 

(texture) to the actual load [5] while simultaneously refining the grains [6] (Figure 1, right). During ausforming, 

deformation in the metastable austenite phase is transferred to the martensitic microstructure in a preceding 

quenching treatment. The lattice defects introduced by the deformation affect the solubility, the diffusion of 
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foreign atoms, self-diffusion and thus the nucleation and growth of the phase during its allotropic 

transformation. By exploiting this effect, the strength properties of austenitic steels can be raised above those 

of conventionally tempered steels by means of exact temperature control and forming [7].  

 

Figure 1 Typical failure in a machined lower die due to crack initiation (left) and die insert with the same 

contour produced by forming in the metastable austenite phase displaying the texture (right) 

Ausforming of tool steels represents an alternative to quenching and tempering of machined tool contours and 

allows improved properties for forging dies. The combination of grain refinement and microstructural texturing 

should lead to an increase in service life.  

The overall objective of this study is to produce a die as shown in Figure 1 (right) by ausforming. Its contour 

is subjected to a high mechanical load in the concave radius of the bottom area and thus represents a suitable 

demonstrator. For this purpose, fundamental investigations on ausforming of tool steel under variation of the 

true plastic strain and the cooling strategy were carried out to determine the required thermomechanical 

process parameters. Analogy experiments with cylinder upsetting tests were conducted representing the 

loaded bottom section of the above-mentioned tool contour, which is the focus of this contribution.  

2. METHOD 

By means of upsetting tests, material and process efforts can be significantly reduced while allowing the 

observation of several process influences. In order to be able to produce a die according to Figure 1 (right) 

analogy upsetting experiments were carried out, varying the cooling strategy and the true plastic strain. The 

process sequence of the analogy experiments is shown in Figure 2 using the example of a simplified 

continuous time-temperature-transformation (TTT) diagram.  

The cylindrical workpieces (Ø25 mm x 9 mm /11 mm) were made of hot working tool steel X37CrMoV5-1 

(AISI H11). This steel grade contains austenite stabilizing elements such as Cr, Mo, V and is particularly 

suitable for the ausforming process due to its slower transformation kinetics in the austenite phase [8]. For the 

tests, the samples were austenised for 10 min in a batch furnace at 1,060 °C, then cooled to the temperature 

range of metastable austenite and finally upset with a true plastic strain of φ = 0.25 (9 mm initial height) or 

φ = 0.45 (11 mm initial height). 

In order to achieve the desired properties or rather to preserve the defects in the austenite and ensure 

increased dislocation density, forming must be carried out below recrystallization temperature and above 

martensite starting temperature. The martensite starting temperature decreases with decreasing grain size, 

since the nucleation of austenite in these structures is enhanced in comparison to coarser structures [6].The 

grain size depends on the selected heating and holding times [9]. The early formation of martensite at a high 

martensite starting temperature Ms1b can lead to cracks during ausforming. At higher forming temperatures an 
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increased pearlite formation is assumed, which also limits the maximum forming temperature. Thus, the 

process window for the forming temperature measured on the surface was set to 500 - 600 °C.  

 

Figure 2 Depiction of the process sequence using the example of a simplified continuous TTT diagram  

In order to adjust this temperature range while meeting the above-described requirements, preliminary tests 

were carried out with different spray heads and parameters using a thermal imaging camera (Figure 3). It was 

found that the spray head type 300-04508 (GERLIEVA), with an average cooling rate of 65.9 K/s, proved to 

be most suitable for the investigations providing sufficient accuracy without undercooling.  

In the ausforming tests, the heated samples were placed on the upsetting plate within the press and were then 

cooled by a spray field directly before forming. The end of the first cooling step was determined by reaching 

the forming temperature. The cooling time tc was varied between 1.3 - 2 s and the holding time th between 

1 - 10 s. The holding time was introduced after cooling to reduce the temperature gradient between the inside 

and the surface of the samples. After upsetting, the samples were quenched in water. 

 

Figure 3 Tools, cooling device and thermal imaging record for the described analogy experiments 

The forming tests were conducted on a Weingarten screw press type PSR 160. The upsetting tools were also 

made of X37CrMoV5-1 (H11) and were lubricated with Con Traer G 300 which was applied on the tools before 

positioning the hot specimen. After the tests, the surfaces of the samples were examined for material failure 

and hardness measurements were carried out. The lines of the hardness measurements on the halved 

specimens are shown in Figure 4.  
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Figure 4 Measurement lines investigated in the hardness tests on a formed specimen 

3. RESULTS  

During quenching in a water bath to ambient temperature, crack formation occurred in many test series. The 

resulting material failures for the respective parameters are shown in Table 1. For the true plastic strain of 

0.45, no cracks occurred only with a spray time of 1.3 s and a holding time of 1 s. At a true plastic strain of 

0.25, crack-free forming was shown up to a spraying time of 1.5 s and a holding time of 5 s. Here, the forming 

stroke is significantly shorter than with φ = 0.45 due to the lower material thickness of the specimens to be 

formed, which indicates lower stresses in the workpiece at the end of the forming process. Both the cooling 

and holding time show an influence on crack propagation during forming. Although tribological effects have 

not been investigated, they must be taken into account as they have a significant influence on the material 

flow, especially when it comes to surface enlargement and critical friction contact [5]. 

Table 1 Material failure in the test series 

Material failure φ = 0.25 φ = 0.45  

 

tc: cooling time 

th: holding time 

 

Cooling and holding time tc = 1.3 s tc = 1.5 s tc = 2 s tc = 1.3 s tc = 1.5 s tc = 2 s 

th = 1 s       

th = 5 s       

th = 10 s       

In some cases the material failure could already be detected by external observation, as shown in Figure 5. 

After a holding time of 10 s visible crack evolution occurred in the specimen with tc = 2 s and th = 10 s. For 

shorter holding times, the crack formation on the lower side of the specimen could only be detected under the 

microscope. Furthermore, a different bulging at the lower sample edges was detected, causally connected to 

the crack formation. During spray cooling, the tool surface is also wetted and the lubricant is partially removed, 

which has a negative effect on the tribological properties of the tool and workpiece contact during forming. In 

addition, the high axial temperature gradient can be seen as a negative influence on the process. This is 

indicated by the inhomogeneous bulging. 

 

Figure 5 Specimen after forming with φ = 0.25, tc = 2 s and varied th 

The interpolated hardness measurements in the transversal direction are shown in Figure 6. The specimen 

with higher true plastic strain are harder in the core area, where a longer holding time also shows effect. Here 

the ausforming effect is evident, since the highest true plastic strain occurs in the centre. The uppermost area 
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close to the surface has a bainite structure, caused by atmosphere contact while heating and following 

decarburization. Due to the reduced carbon content, the bainite transformation is shifted towards shorter 

transformation times, which explains the appearance of the intermediate structure even after rapid cooling. 

The surfaces of the samples have the lowest hardness, as shown in the diagram. 

 

Figure 6 Interpolated hardness curves of transversal measurements and microstructure in surface area 

The averaged and interpolated hardness values over the radius are shown for both invesigated true plastic 

strains in Figure 7. In longitudinal direction the hardness values differ significantly in terms of applied cooling 

and holding times. The global true plastic strain has a considerable influence on achieving an increased 

hardness value which indicates that the local temperature has fallen below recrystallization temperature and 

material displacements were transferred to martensite. Similar to the transversal measurement, the outermost 

values show a low hardness value due to the decarburised zone. Towards the centre, the hardness value 

approaches that of the transverse measurement. The martensitic microstructure in front of the bainitic structure 

shows the highest hardness values. A longer cooling and holding time is beneficial for achieving higher 

hardness in core direction, since the highest local true plastic strain occurred in this area. The highest hardness 

was achieved with φ = 0.45, a cooling time of 2 s and a holding time of 10 s. The plastic deformation could not 

be transferred to the material completely without material defects occurring. Nevertheless, it was shown that 

the extensive cooling in areas of higher deformation-induced material movement leads to a simultaneous 

reduction of the forming capacity and crack propagation. 

 

Figure 7 Hardness curves of longitudinal measurements averaged and interpolated on the radius for varied 

cooling and holding times (φ = 0.25 left; φ = 0.45 right) 
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4. CONCLUSION 

With the process of ausforming, noticeably increased hardness values were achieved. The investigation has 

shown that the hardness increases with higher cooling times in the metastable austenite phase and thus lower 

forming temperature. Material failure occurred in specimens with long cooling and holding times. Here, it is 

challenging to generate a homogenous temperature. It could be shown that a longer holding time turns out to 

shift higher hardness values towards the centre. The deformation introduced into the material has an influence 

on the attainable hardness. At φ = 0.45, higher hardness values are achieved than at φ = 0.25. For the 

investigated true plastic strains, a cooling time of 1.5 s and a holding time of 10 s reached the highest hardness 

values but showed crack formation in both cases. At φ = 0.45 merely short cooling and holding times were 

applicable without material failure. Due to the spray field between the upsetting tools, the lubricant layer which 

was applied before cooling was mostly ineffective, which is noticeable when the bulge is observed. The local 

true plastic strain depends on the friction and can lead to material failure in case of local overload. The metallic 

contact of the specimen with the tool represents a further influence that also contributes to high cooling rates 

on the lower side. The study also shows that the layer close to the edge cools early and thus does not deform. 

In order to avoid the formation of edge decarburization and bainite structures in the near-surface layer, the 

samples should be heated in a protective gas atmosphere. The results gained are to be transferred to the 

multi-stage forming of dies in the ongoing project. Here, mechanical load tests are to be carried out on sample 

geometries with ausformed die contours.  

ACKNOWLEDGEMENTS 

The results presented were obtained in the research project „Development and Investigation of 
Mechanical Properties of Hot Forging Dies by Bulk Forming and Thermomechanical Treatment” 

financed under project number 318628894 by the German Research Foundation (DFG). The authors 
would like to thank the DFG for financial support. 

REFERENCES 

[1] PASCHKE, H., YILKIRAN, T., LIPPOLD, L., BRUNOTTE, K., WEBER, M., BRAEUER, G., BEHRENS, B.-A. 

Adapted surface properties of hot forging tools using plasma technology for an effective wear reduction. Wear. 
2015, vol. 330-331, pp. 429-438.  

[2] BEHRENS, B.-A. Finite element analysis of die wear in hot forging processes. CIRP Annals. 2008, vol. 57, no. 1, 
pp. 305-308. 

[3] HEINEMEYER, D. Untersuchungen zur Frage der Haltbarkeit von Schmiedegesenken. Hannover, 1976. 
Dissertation. Institut für Umformtechnik und Umformmaschinen.  

[4] BERNS, H., THEISEN, W. Eisenwerkstoffe: Stahl und Gusseisen. Berlin, Heidelberg: Springer-Verlag, 2008.  

[5] BEHRENS, B.-A., DOEGE, E., SPRINGUB, B. Transformation Induced Martensite Evolution in Metal Forming 

Processes of Stainless Steels. Steel research international. 2004, vol. 75, no. 7, pp. 475-482.  

[6] DIRNFELD, S.F., KOREVAAR, B.M., SPIJKER, F. The transformation to austenite in a fine grained tool steel. 

Metallurgical Transactions. 1974, vol. 5, no. 6, pp. 1437-1444.  

[7] KASPAR, R., PAWELSKI, O., KAPELLNER, W. Einfluß der Austenitumformung auf die Umwandlung von 

Stählen. In: LANGE, K., ed. Werkstoff und Umformung: Vorträge des 1.Workshop Stuttgart, 9. Juni 1986. Berlin, 
Heidelberg: Springer Berlin Heidelberg, 1986, pp. 68-95.  

[8] DEUTSCHE EDELSTAHLWERKE. [online]. [viewed 2019-09-22]. Available from: https://www.dew-
stahl.com/presse-medien/pressematerial/fachbeitraege/  

[9] YANG, H., BHADESHIA, H. Austenite grain size and the martensite-start temperature. Scripta Materialia. 2009, 
vol. 60, no. 7, pp. 493-495.     

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

209 

NUMERICAL STUDY OF THE BENDING OF STEEL SHEETS TRIP 304L  

1Amar BOUDEDJA, 1Aghiles HANNAOU, 1Siham BEN ABDESSELAM, 1M. ALMANSBA 

1Laboratory for the Development, Characterization and Modelling of Materials (LEC2M), University Mouloud 

Mammeri Tizi Ouzou, Tizi Ouzou, Algeria 

https://doi.org/10.37904/metal.2020.3488 

Abstract    

Folding is a common industry practice. In this work we have studied the influence of some parameters such 

as (the radius of curvature of the matrix, the coefficient of friction between the punch and the specimen, the 

play between matrix and punch, the thickness of the specimen and the mesh of the specimen) on the 

deformations of the different zones of the specimen, by a numerical simulation of U-bending using the 

ABAQUS calculation code.  

The studied parameters will prove to be of relevant use for the design of the parts from the metal sheets, 

through the bending forming process. Numerical simulation is a good decision support tool for parts 

manufacturing companies. 

For the continuation of this work, a phenomenological model developed by IWAMOTO has been selected and 

modified to include the evolution of the microstructure (from austenite to martensite) after deformation.  

Keywords: Folding, TRIP steel, simulation, abaqus 

1. INTRODUCTION 

The manufacture of the parts from the sheets is generally carried out on presses, using a punch and a die. As 

product quality criteria are becoming increasingly stringent in terms of geometrical precision and mechanical 

performance, it is very often necessary to optimize the forming process. The success of a product 

manufactured by stamping, embossing or more particularly by bending depends essentially on three 

interrelated factors [1]: 

 The physical characteristics of the sheet metal;  

 Tool geometry; 

 Lubrication. 

Our work, which is based on the numerical simulation of the U-bending forming process in the ABAQUS finite 

element calculation code, aims to study the influence of some geometrical parameters on the bending load, 

such as the mesh, the thickness of the specimen, the coefficient of friction between the punch and the 

specimen, the clearance between the punch and the die and the radius of the die. 

A phenomenological model developed by IWAMOTO and TSUTA [2] was then chosen and modified to include 

the evolution of the microstructure (austinite and martenesite) in steel [3]. 

2. THE USED MATERIAL 

The material used is an unstable austenitic steel from the 304L family in the form of thin sheets. The (L) stands 

for low carbon steel. The chemical composition and designation of the steel is given in the following tables [4]:  
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Table 1 Chemical composition of stainless steel 304L  

Elements C Si Mn P S Cr Ni N 

(%) 0.03 1.00 2.00 0.045 0.015 18.18 8.04 0.10 

Table 2 Material designation according to different standards 

Norms EN DIN 17440 AISI AFNOR 

Designations 1.4301 X5CrNi18-9 304 Z6CN18-9 

3. NUMERICAL SIMULATION OF U-BENDING 

In this study, we consider the operation of U-shaped bending of a specimen, made of TRIP 304L steel, using 

a 3D numerical simulation, on the ABAQUS finite element calculation code, with a Static-General resolution 

scheme, taking into account elasto-plasticity. 

The principle of this operation consists of deforming a sheet metal held fixed between the die and the blank 

holder, under the action of a punch, in order to obtain a bending angle which can in no case exceed a value 

of 90°.  

The dimensions of the specimen used are shown in the Figure 1.  

 

Figure 1 Dimensions of the specimen used 

The digital mock-up is shown in Figure 2 in the initial position. In this study, the tools are modelled by rigid 

bodies, the specimen is meshed by eight-node quadratic elements, given by ABAQUS. Punches and dies are 

generally radiated to facilitate shaping and avoid the initiation of rupture [5]. 

 

Figure 2 Digital mock-up of the bending of the specimen used 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

211 

4. STUDY OF THE INFLUENCE OF SOME PARAMETERS 

4.1. Study of the influence of the mesh  

We study the influence of the specimen mesh by varying the value of the size of the finite elements with which 

we discretized it, in our case we will choose three mesh values: 1 mm, 1.5 mm and 2 mm (Figure 3). 

 

Figure 3 Different mesh sizes and overview of the deformation with constant displacement u = 10 mm 

 

The Figure 4 show us that refining the mesh increases the bending load, which is explained by the fact that if 

the elements are very large the load are not calculated correctly. The mesh size must be fine enough so as 

not to influence the results. 

 

Figure 4 Load-displacement curves of different meshes 
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4.2. Study of the influence of thickness 

To demonstrate that the thickness of the specimen influences the bending load, the value of the thickness of 

the specimen is varied as shown in Figure 5.  

 

Figure 5 Thickness variation 

In Figure 6, we see in his results that the bending load increases with increasing specimen thickness, which 

is logical. 

 

Figure 6 load-displacement curves of different thicknesses 

4.3. Study of the influence of friction 

We vary the friction coefficient to see its influence on the bending load, we take the following values: f = 0.09, 

f = 0.2 and f = 0.3 (Figure 7). 

The results given by the curves represented by (Figure 7), show that the variation in the coefficient of friction 

installed between the specimen and the punch affects the value of the bending load; it increases by increasing 

the coefficient of friction, which is explained by the considerable load exerted by the punch in order to bend 

the specimen. 
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Figure 7 load-displacement curves of different coefficients of friction 

4.4. Study of the influence of gambling  

In what follows we have proceeded to vary the play between the punch and the die (Clearance1 = 0.25 mm, 

Clearance 2 = 0.5 mm and Clearance 3 = 0.75 mm), in order to see its influence on the bending load. 

We notice in Figure 8 that each time the play is decreased; the value of the bending load increases, which is 

explained by the important effects of the friction between the punch and the sheet metal. This resistance to 

the advance of the punch results in an increase in the load required for bending. 

  

Figure 8 Load-displacement curves of different sets 

4.5. Study of the influence of the radius 

To demonstrate the influence of the radius of the matrix, we vary it on ABAQUS, this allows us to obtain the 

results given in Figure 9. 

The results of our simulation show that the load required for bending is higher when the radius of the die is 

smaller. The smaller radius of the die results in greater deformation, the material becomes stronger and 

requires greater efforts to bend the specimen. 
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Figure 9 Load-displacement curves of different radii 

5. CONCLUSION 

We presented the elasto-plastic model coupled with static deformation. We performed a calibration of the 

parameters as well as their influences on the load-displacement curve, and we saw that the studied parameters 

all have an influence, such as silk, on the bending load and the deformation of the specimen and thus on the 

transformation of austenite into martensite. 
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Abstract 

The article presents the finite-element modeling results of stranding, reduction, straightening and mechanical-

thermal treatment (MTT) of prestressing strand (PSC strand). Computer models took into account the 

distribution of residual stresses formed at the preliminary stage of wire drawing. During the simulation, the 

effect of MTT on the internal stresses of the wires was studied: residual stresses after the drawing process 

and additional stresses after the stranding. All studied methods demonstrated a positive effect not only from 

the point of eliminating internal stresses, but also from the point of view of their favorable redistribution. The 

reduction of PSC strand in a monolith tool with strain degree 1 - 3 % allows to minimize tensile stresses on the 

surface of the wires and save compressive stresses in the center of the wires. The straightening by a group of 

5 rolls made it possible to reduce the tension of outer wires twice. The MTT application, combining the effects 

of various physical nature, made it possible to control over a wide range the redistribution of residual stresses 

in the wires after high strain degrees and the additional stresses created during the stranding, which affect the 

preservation of the geometric parameters of the PSC strand. The study showed that to eliminate longitudinal 

residual stresses, the magnitude of the tension in the MTT is the most important parameter. Therefore, with a 

minimum value of tension, the residual stresses are not redistributed either in the central or in the surface 

layers, regardless of the temperature of the MTT. However, with tension above 70 kN and a temperature of 

380 - 400 °C, the residual stresses in the center and on the surface of the wires are balanced or almost 

completely eliminated. 

Keywords: Prestressing strand, mechanical-thermal treatment, finite-element modeling, internal stresses, 

stranding, straightening 

1. INTRODUCTION 

Most metalware products are multicomponent (ropes, nets, etc.) or have a complex geometric shape (bolts, 

nuts, etc.). Since the use of hardware products is often associated with areas of responsible construction or 

design (and, therefore, with complex loading schemes), there is an urgent need to take into account the 

contribution of each technological operation to the exploitation and technological properties of the final product. 

This is especially clearly demonstrated by the example of PSC strand production, the application of which can 

significantly reduce cost of prestressed concrete products and structures while improving quality [1]: 

 The heat treatment operation gives the wire the necessary initial microstructure; 

 Multistage drawing determines the geometry, stress-strain state (SSS) and steel microstructure; 

 Stranding, straightening and mechanical-thermal treatment (MTT) change the SSS of each individual 

wire and the entire PSC strand. 

Specific features of the production and application of PSC strand are the subject of many theoretical and 

experimental studies [2-11]. The main property-forming parameters in this case are the steel microstructure 

and internal stresses, which determine the final level of strength and relaxation resistance. If the microstructure 
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formation is relatively simple using experimental and laboratory studies [13], then the prediction of residual 

stresses level in multioperational technologies is optimally performed using computer simulation methods. 

The aim of this work is a computer study of the gradual formation of internal stresses in the PSC strand 

production and the influence of various MTT modes on their distribution. 

2. MATERIALS AND METHODS 

Production process of a PSC strand 1x7 (1 + 6) with a diameter 12.5 mm and strength class 1770 MPa from 

pearlitic steel was selected as the research object. The chemical composition and mechanical properties of 

the wire are presented in Table 1. The production process included the following technological operations: 

stabilization, surface preparation for drawing, multistage cold drawing, stranding, straightening, mechanical-

thermal treatment. 

Table 1 The chemical composition and mechanical properties of the wire for PSC strand 

С Mn Si Cr Ni V Tensile strength after drawing σВ (MPa) 

0.80 0.48 0.28 0.05 0.02 0.11 2,200 

Since the wire drawing technology involves high strain degrees ~88 - 90 %, this process will inevitably lead to 

the residual stresses generation that directly affect both the mechanical and exploitation properties of the future 

PSC strand, and the stability of the process of stranding [13-20]. For this reason, the analysis of the 

technological process should be based on the assessment of the absolute values and distribution of residual 

stresses that make the most significant contribution to the stress-strain state of PSC strand. In this case, the 

stress state of PSC strand is further complicated by the addition of lay stresses at the stage of forming the 

strands on the rope machine. 

The wire drawing process, preceding the operations of straightening, stranding and MTT, was described and 

investigated on the basis of an industrial experiment and multiscale modeling in paper [21]. The traditionally 

used MTT temperature values are the range of 360 - 400 °С. Taking into account the traditionally used values 

of tension, the level of mechanical properties after the drawing process, the geometric parameters of the PSC 

strand and the technological capabilities of the existing equipment, the tension varied in the range (58 ÷ 82) 

kN. The rope lay was 200 mm. 

For the research, three models were created: 

1) Model of stranding and reduction of PSC strand in monolith tool: the strand were twisted till the rope lay 

parameter; then it is crimped in a monolithic tool with strain degrees 1 %, 2 % and 3 %; 

2) Model of straightening: the strand were twisted till the rope lay parameter, and then passed through a 

group of five horizontally arranged rollers with a diameter 100 mm and a depth 5 mm; 

3) Model of MTT: the strand were twisted till the rope lay parameter; then it is heated to the indicated 

temperature from the range; tension is applied to its end; finaly tension and temperature are removed 

at the same time.  

In all models in the initial state, the distribution of residual stresses was used after the drawing process 

investigated and verified in [21]. 

3. RESULTS 

3.1. Model of PSC strand reduction in monolith tool 

The use of monolith tool (similar construction as in wire drawing) in strand machines can help improve the 

stress-strain state, create favorable contact conditions, increase the size precision, while also save interwire 
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clearance. However, an important point is the assignment of the correct reduction value in the tools, because 

at the initial stages of reduction (in the zone of elastic strain) the formation of inhomogenious stress state with 

a large proportion of tensile stresses is observed, which leads to reduction of plastic properties. 

The traditionally used reduction range is 1 - 3 %. Increase of reduction degree up to 4 % or more leads to 

unfavorable increase in the energy parameters of the industrial process and deterioration of the mechanical 

properties. To account for the residual stresses, the cross-sections of the wires were divided into sections with 

the corresponding values of the axial residual stresses (Figures 1 and 2). 

 

Figure 1 Wires cross section before stranding 

simulation 

 

Figure 2 Initial distribution of longitudinal residual 

stresses 

The Mises stress distribution in all three reduction modes (Figure 3) was uniform in the range from 300 to 600 

MPa. However, after the stranding the stress state was extremely inhomodenious with a significant difference 

in the stresses level on the surface and the center of the outer wires. 

 

Figure 3 Mises stress distribution 

The distribution of radial strains under 2 - 3 % reduction conditions differ slightly, but are most favorable relative 

to 1 % reduction. Outer wires under these conditions have a favorable effect on the mechanical properties due 

to symmetrical localization of compression strains on the surface. 
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The 3 % reduction creates the most favorable distribution of longitudinal stresses (Figure 4) with a minimized 

proportion of tensile stresses on the surface and maximum stored compressive stresses in the center of the 

wires. 

 

Figure 4 Distribution of longitudinal stresses 

Thus, the most favorable stress-strain state is formed during reduction of at least 2 %. 

3.2. Straightening model 

  

Figure 5 Mises stresses in the cross section of PSC 

strand 

Figure 6 Longitudinal stresses in the cross section 

of PSC strand 

Comparison of the distributions of the Mises stresses (Figure 5) and longitudinal stresses (Figure 6) showed 

that the straightening with depth up to 5 mm for a 12.5 mm rope in one group of rolls significantly changes the 

stress state (mainly its outer wires). The longitudinal stresses of the outer wires are reduced by 1.7 - 2 times, 

and in some wires they even reach near zero values. Mises stresses were reduced in all outer wires by 1.5 - 

2 times, which favorably reduces the untwisting of the rope. However, a further increase in the depth can 

adversely affect the preservation of the strand geometry and lead to an increase in pulling force. Moreover, 
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higher depth will inevitably lead to an increase in the size of the contact arc, what will negatively affect the 

wear of the rolls material. Therefore, installation of several alternating groups of straightening rolls (horizontal 

and vertical) will be rational decision. 

3.3. MTT model 

At a minimum temperature of 360 °C or at a minimum tension of 58 kN, PSC strand has a high tendency to 

geometry disruption. However, starting with a tension of 70 kN and a temperature above 380 °C, the MTT 

process almost completely eliminates the lay stresses that tend to untwist the strand. 

The distributions of the longitudinal residual stresses in the central wire after the MTT process are shown in 

Figure 7. To eliminate longitudinal residual stresses, the most important parameter is the tension value. 

Therefore, with a minimum value of tension, the residual stresses are practically not redistributed either in the 

central layers or in the surface layers, regardless of the temperature of the MTT process. At the same time, 

with tension of 70 kN at temperatures of 360 °C and 380 °C, a certain “boundary” state of the central wire is 

created, upon reaching which the residual stresses begin to be intensively redistributed. The most effective 

from the standpoint of eliminating residual stresses after drawing are tension 82 kN at any of the studied 

temperatures and tension 70 kN at a temperature of 400 °C. Under these conditions, the residual stresses in 

the center and on the surface of the wire are balanced or almost completely eliminated. 

 

Figure 7 Longitudinal residual stresses in the central wire after the MTT process 

4. CONCLUSION 

The absolute values of residual stresses and their distribution in the wire for the production of 1 x 7 (1 + 6) 

PSC strand have a significant impact on the operational characteristics of the finished product. The application 

of the MTT allows a wide range to control the redistribution of residual stresses after high strain degrees by 

drawing and internal stresses that affect the preservation of the geometric parameters of the rope. During the 

drawing process, compressive residual stresses of 1100 - 1200 MPa are generated in the central layers of the 

wire. Moreover, on the wire surface, the residual stresses are tensile and equal to 450 - 500 MPa. The 

combination of tension 82 kN or 70 kN with a temperature range of 360 - 380 °C allows to achieve a twofold 

reduction in residual stresses in both the central and surface layers of the wire. When the temperature rises to 

400 °C while maintaining the level of tension, it becomes possible to completely eliminate residual stresses. 
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Reducing the tension does not lead to any changes in the residual stresses distribution. Stresses after 

stranding can be completely eliminated exclusively with a tension of 82 kN or 70 kN in the temperature range 

of 380 - 400 °C. In other cases, the PSC strand geometry does not meet the standard. 

ACKNOWLEDGEMENTS 

The study was carried out within the framework of the implementation of the Resolution of the 
Government of the Russian Federation of April 9, 2010 No. 220 (Сontract No. 075-15-2019-869 from 

May 12, 2019) 

REFERENCES  

[1] MADATYAN, S.A. Sovremennyj uroven' trebovanij k napryagaemoj armature. Beton i zhelezobeton. 2005, no 1, 

pp. 8-10. 

[2] EGOROV, V.D., VORONINA, V.S. Tekhnologiya proizvodstva armaturnyh kanatov v stabilizirovannom ispolnenii. 

Steel. 1983, no 3, pp. 65-66. 

[3] COSTELLO, G.A. Theory of wire rope. Second edition. New York: Springer, 1997. 

[4] FEYRER, K. Wire ropes: tension, endurance, reliability. Berlin-Heidelberg - New York: Springer, 2007. 

[5] JACINTO L., PIPA M., SANTOS L. O. Probabilistic models for mechanical properties of prestressing strands. 

Construction and Building Materials. 2012, vol. 36, pp. 84-89. 

[6] ONUR Y A. Experimental and theoretical investigation of prestressing steel strand subjected to tensile load. 

International Journal of Mechanical Sciences. 2016, vol. 118, pp. 91-100. 

[7] OBAYDULLAH, M., JUMAAT M. Z. Prestressing of NSM steel strands to enhance the structural performance of 

prestressed concrete beams. Construction and Building Materials. 2016, vol. 129, pp. 289-301. 

[8] MIHAJLOV, K.V. Zadachi otechestvennoj stroitel'noj nauki v oblasti armatury i predvaritel'no napryazhennyh 

zhelezobetonnyh konstrukcij. Beton i zhelezobeton. 2004, no 2, pp. 3-5. 

[9] CHUKIN, M.V., GUN, G.S., KORCHUNOV, A.G., POLYAKOVA, M.A. Perspektivy proizvodstva vysokoprochnoj 

stal'noj armatury iz vysokouglerodistyh marok stali. Chernye metally. 2012, no 12, pp. 8-16. 

[10] CHABBI L. Modelirovanie mikrostruktury i svojstv pri prokatke provoloki i prutkov. Chernye metally. 2017, no 9, 

pp. 57-62. 

[11] KORCHUNOV, A. G., GUN, G. S., SHIRYAEV, O. P., PIVOVAROVA, K. G. Study of structural trans-formation of 

hot-rolled carbon billets for highstrength ropes for responsible applications via the method of thermal analysis. 
CIS Iron and Steel Review. 2017, vol. 13, pp. 38-40. 

[12] KORCHUNOV, A. G., POLYAKOVA, M. A., KONSTANTINOV, D. V., DABALÁ, M. Mechanical properties of 
prestressing strands and how they tend to change under thermo-mechanical treatment. CIS Iron and Steel 

Review. 2019, vol. 18, pp. 14-19. 

[13] CABALLERO, L., ATIENZA, J. M., ELICES, M. Thermo-mechanical treatment effects on stress relaxation and 

hydrogen embrittlement of cold-drawn eutectoid steels. Metals and Materials International. 2011, vol. 17, no. 6, 
pp. 899-910. 

[14] ATIENZA, J. M., ELICES, M., RUIZ-HERVIAS, J., CABALLERO, L., VALIENTE, A. Residual stresses and 
durability in cold drawn eutectoid steel wires. Metals and Materials International. 2007, vol. 13, no. 2, pp. 139-143. 

[15] ATIENZA, J. M., ELICES, M. Influence of residual stresses in the stress relaxation of cold drawn wires. Materials 
and Structures / Materiaux et Constructions. 2004, vol. 37, pp. 301-304. 

[16] ELICES M. Influence of residual stresses in the performance of cold-drawn pearlitic wires. Journal of materials 
science. 2004, vol. 39, pp. 3889 - 3899. 

[17] ATIENZA, J.M., RUIZ-HERVIAS, J., ELICES, M. The role of residual stresses in the performance and durability of 
prestressing steel wires. Experimental Mechanics. 2012, no. 52, pp. 881-893. 

[18] ATIENZA, J.M., RUIZ-HERVIAS, J., MARTINEZ-PEREZ, M.L., MOMPEAN, F.J., GARCIA-HERNANDEZ, M., 
ELICES, M. Residual stresses in cold drawn pearlitic rods. Scripta Materialia. 2005, no. 52, no. 12, pp. 1223-

1228. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

221 

[19] MARTINEZ-PEREZ, M.L., MOMPEAN, F.J., RUIZ-HERVIAS, J., BORLADO, C.R., ATIENZA, J.M., GARCIA-

HERNANDEZ, M., ELICES, M., GIL-SEVILLANO, J., RU LIN PENG, BUSLAPS. T. Residual stress profiling in the 
ferrite and cementite phases of cold-drawn steel rods by synchrotron X-ray and neutron diffraction. Acta 

Materialia. 2004, vol. 52, no. 18, pp. 5303-5313. 

[20] ZHENG WENZHONG, HU QIONG, ZHANG HAOYU. Experimental research on the mechanical property of 

prestressing steel wire during and after heating. Frontiers of Architecture and Civil Engineering in China. 2007, 
vol. 1, no. 2, pp. 247-254. 

[21] KONSTANTINOV, D. V., KORCHUNOV, A. G., ZAITSEVA, M. V., SHIRYAEV, O. P., EMALEEVA, D. G. Macro- 
and micromechanics of pearlitic-steel deformation in multistage wire production. Steel in Translation. 2018, vol. 

48, pp. 458-462. 

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

222 

STRUCTURE AND MECHANICAL PROPERTIES TOOL STEEL AFTER FORGING 

 1Ladislav KANDER, 2Miroslav GREGER  

1MATERIAL AND METALLURGICAL RESEARCH Ltd., Ostrava, Czech Republic, EU, 

ladislav.kander@mmvyzkum.cz  

2VSB - Technical University of Ostrava, Faculty of Metallurgy and Materials Engineering,                       

Czech Republic, EU, miroslav.greger@vsb.cz 

https://doi.org/10.37904/metal.2020.3472  

Abstract 

The paper deals with comparison of forging technology and selected forming factors on structure of the tool 
steel EN X160CrMoV12-1. Steel under investigation is a high-alloyed Cr-Mo-V tool steel for exploitation both 
in hot and cold conditions. The steel is characterised by difficult formability and high resistance to deformation 
in the whole range of the forging temperatures. The authors compare the structure of forged rods with a 
diameter of 250 mm, forged products on the radial forging machines with second one forged on hydraulic press 
CKW 1600. 

Keywords: Structure, mechanical properties, tool steel, open die forging, radial forging 

1. INTRODUCTION 

Forged bars are still most used semi-product in the industry. Tool steels, in comparison with the structural 

steels, require at forging of longitudinal forged pieces higher degree of forging than it is expressed by the well-

known equation: 

3 KPAPK nn               (1) 

The degree of forging higher than three forges ensures that in the ingot, the internal discontinuities were 

already closed and the cast structure was destroyed. In case of the tool steels is, however, required to achieve 

a refinement of carbides, which requires even higher degree of forging than three. In addition to a higher 

degree of forging, it is necessary to ensure the structural homogenity of these steels in order to reduce 

anisotropy of mechanical properties. The level of the obtained properties in tool steels and their scatter depend 

on variations in the content of the main alloying elements in individual heats, on the degree of forging and on 

the size of blanks with cast structure. Quality of the blanks depends on the suitable metallurgical treatment 

and on the level of the steelmaking technology (e.g. secondary metallurgy refining and alloying, vacuum 

casting, etc.) 

2. STRUCTURE OF AS-CAST TOOL STEELS 

Carbides of tool steels can be from the viewpoint of their formation divided into primary (carbide structures 

crystallising from the melt) and secondary (carbides forming from the solid phase). The primary carbides 

segregate from the liquid phase. They create usually a complex structural system: 

a) Complex carbide of the MC type. Tungsten is usually the main element. The carbide may have different 

chemical composition, which depends on the amount of alloying elements and the conditions of 

solidification; 

b) Complex carbide M2C occurs in the high-alloyed tool steels with higher Mo contents. Its distribution in 

the structure is heterogeneous. The clusters may still contain the carbides of the MC type, e.g. the 

carbide VC is formed in the steels alloyed with vanadium. 
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The secondary carbides are segregated from austenite in the following modifications: complex carbides of the 

type M23C6, where also other carbide-forming elements are formed apart from the prevailing share of Fe and 

Cr [1]. In the steels alloyed by high content of Czech Republic, they have an approximate composition 

Fe15Cr8C6. Complex carbide of the type M3C, in which Fe is also one of the main components. The carbide 

segregates mostly during transformation of austenite to martensitic. The last type is the carbide MC, which is 

usually segregated in primary carbides or which is created by disintegration of the complex carbide M23C6. 

This carbide has also different chemical composition and its existence is related to the temperature, cooling 

rate and the amount of vanadium in steels. Composition of individual carbides and conditions of their formation 

are a function of time, temperature and concentration carbide-forming elements [2]. It means that existence of 

different types of carbides and conditions of their formation in single variant of chemical composition of the 

steel are quite variable. We therefore cannot expect that the given type of steel will always have carbides with 

exactly the same chemical composition. 

3. FORMABILITY OF TOOL STEELS  

Tool steels belong to the steels with reduced plasticity (formability). Deterioration of formability is linked to the 

segregation of brittle eutectic phase along the grain boundaries, especially in steels in the as-cast state. The 

formability increases during the forging with the increasing degree of destruction of eutectic mesh. The 

formability of the tool steels decreases with the increasing degree of alloying. The formability decreases in the 

tool steels at the places of segregation, containing higher amount of carbon, due to decrease of the melting 

temperature. These factors influencing the formability of high-alloyed steels are a function of the following 

physics-chemical factors: the type of crystalline structure, purity of grain boundaries, inter-atomic forces in the 

crystal, structural construction and the temperature factor [3]. The above-mentioned factors are dependent on 

the strain rate, magnitude of deformation, unevenness of deformation. 

One of the decisive factors influencing the resistance to deformation and formability is the state of stress 

influencing the conditions of forging. The highest formability is achieved at the state of compressive stress with 

exclusion of tensile stresses, which are the main cause of failure of the forged piece at forming. The stress 

state during forging is a result of a complex effect of stress from burdening forces and from additional stresses 

induced by an external friction and by uneven deformation [4,5]. The stress state during free forging can be 

expressed in different ways, e.g, with use of the mean indicator of the stress state vs: 
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Where 1, 2, 3  are the main stresses, s  is an octahedral stress and p  is resistance to deformation of the 

forged steel. 

The marginal formability increases with the decreasing value vs. the highest formability is achieved when the 

relationship: 1 = 2 is valid. At forging on the flat anvils, the main stress acts in the direction of the main 

principal changes of the shape. The compressive stress h in the direction of the decreasing height [6]: 
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Where Fk is the forging force [N], lz is the length of action [mm], bs is the mean width of the elongated bar [mm]. 

The stress l acts in longitudinal direction (in the direction of elongation) : 
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Where   is a friction coefficient and ho is the height of the elongated bar. 

The following relation is used for calculation of the stress in the direction of the width: 
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If the shape of anvil limits the spreading (e.g. at elongation on the machines GFM), it is then possible to use 

for forging of round bars the following relation [7]: 

dl

F

z

b
b 
                            (6) 

Where Fb   is the forging force in the direction of the width of the forged piece [N], d is the diameter of the 

forged piece [mm]. 

At elongation in industrial conditions of forging; shops the rate s/p may vary within the interval from + 0.5 to 

- 2.0, i.e. from the prevailing tensile state to a distinctive compressive state of stress.  

4. EFFECTS AT FORGING OF THE STEEL EN X160CrMoV12-1 

Our next investigation was focused on the steel EN X160CrMoV12-1. Chemical composition of the steel grade 

EN X160CrMoV12-1 is shown in Table 1. 

Table 1 Chemical composition of the steel EN X160CrMoV12-1 in wt. %  

Steel grade C Mn Si Cr Mo V P S 

X160CrMoV12-1 1.42 0.40 0.25 11.70 0.50 0.25 0.015 0.018 

During forming surface and internal defects are being formed for two main causes. The defects can be 
transferred to the forged piece from the ingot, or the defects arise at forging because of unsatisfactory state of 
stress and uneven deformation. Plastic deformation during forging is always uneven. The causes of uneven 
deformation can be divided into internal and external. 

Internal causes comprise heterogeneity of the chemical composition, diverse orientation of crystals, defects in 
crystalline structure, existence of foreign impurities in the basic matrix. Furthermore, it is an uneven 
temperature of the forged steel when the middle, or surface layers may have considerably different 
temperature. 

External factors causing uneven deformation may comprise contact friction or low external energy of 
deformation, which, together with high resistance to deformation of steel causes the fact that penetration of 
deformation affects only the surface areas. 

In the central parts of the formed piece are for this reason generated large tensile stresses. Tensile stresses 
are the most common initiators of defects, especially at forming of the cast structure. Uneven deformation 
during forging depends significantly on the geometric shape of the deformation zone [8]. 

At elongation with use of straight anvils (elongation on ordinary forging presses), the magnitude of uneven 

deformation is the function of the relative length of the stroke (lz/ho), relative reduction h/ho and the shape 
indicator of the cross-section (bo/ho). Elongation by small relative length of stroke achieves the maximal 
intensity of elongation and the number of passes is minimal. 

On the other hand, in the case of small relative stroke the number of working strokes increases. The optimum 
performance is achieved at lz /ho = 0.5. That's why at forging of large ingots, which cannot be rammed, it is 
appropriate to use lz/ho = 0.5 to 1. 

The chosen value lz/ho determines formability of the steel. It proved good at forging of large ingots to cant only 

when the ratio bi/hi = 1.8 to 2 was achieved. The axial part is forged the best on the low flattened piece. This 

procedure cannot be recommended for forging of steels with reduced formability. After canting the flattened 

piece is, forged upright and tensile stresses develop on the lateral surface. 
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Elongation by shaped anvils is advantageous particularly for the forged pieces of circular section with reduced 

formability. During forging in the zone of deformation, the compressive stresses prevail 

5. INFLUENCE OF THE TOOLS' SHAPE ON EVOLUTION OF STEEL STRUCTURE  

An analysis of the structure of the forged bars on the press CKW 1600 and on the radial forging machine was 

performed. It concerned assessment of the microstructure, micro-purity and grain size, presence of porosity, 

cracks and inclusions. The bars were forged from the ingots K21 to approximately the same diameter. The 

degree of forging calculated with use of the equation (1) reached the value of 3.5. 

Microstructure was assessed (see Figures 1, 2) in the selected areas of the cross section, i.e. in the sub-

surface areas and at the distance of 0.25 D and 0.5 D of the bar diameter, as well as the overall distribution of 

primary carbides in the structure (Figure 3). 

     
     a)            b) 

Figure 1 Structure of the steel EN X160CrMoV12-1 after forging on the radial forging machine: a) subsurface 

area, b) distance 0.25 D from the surface (ingot K21, bar diameter 250 mm, degree of forging 3.5) 

      

a)                       b) 

Figure 2 Structure of the steel EN X160CrMoV12-1 after forging on the: a) radial forging machine, b) press 

CKW 1600 (degree of forging 3.5, ingot K21, bar diameter 250 mm, distance 0.5 D from the surface) 
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                                              a)       b)                                         

Figure 3 Distribution of carbides along the cross-section of the bar after forging: a) on the radial forging 

machine; b) on the press CKW 1600 

6. SUMMARY AND DISCUSSION OF THE ACHIEVED RESULTS 

Structural homogeneity along cross-section of the forged round bars depends not only on metallurgical 

properties of the input blank, but also on the type of used forming machine. Comparison of macro-structure of 

bars revealed that at forging on the press at the same degree of forging the porosity in axial parts of the forged 

bar is closed more perfectly. The reason for this is higher share of shearing deformation in this area at forging 

on hydraulic press. Another possible cause of this difference is probably also the higher degree of forging on 

the press. The calculation of the degree of forging according to the relation (1) is based on the share of cross-

sections K = So/Sk. At forging on the press with use of the scheme, square - rectangle - square - circular section 

the spreading takes place. However, the value of the increment of the degree of forging at the shape changes 

square - rectangle is according to the relation (1) not included into the overall degree of forging. For calculation 

of the degree of forging in individual passes, it is possible to use also the equation: 

 f
K




11

1

               (7) 

Where:  is relative deformation, f is indicator of spreading (f = 0.19 to 0.5). 

When summing the individual degrees of forging according to the equation (7) we get the overall degree of 

forging Khigher than the quoted value K = 3.5 that was calculated according to the relation (1). Another cause 

may consist in the fact that at forging on the radial forging machine a universal pressure acts only at the final 

stage of forging.  

Results of metallographic analysis prove that internal non-integrities in the steel structure may be formed under 

influence of: change of volume of liquid and solid phase, carbidic segregates and micro-cracks in the 

segregates. In the steel of the type Cr-Mo-V, the prevailing part of shrinkage porosities is transferred into the 

forged piece from the ingot and it can be removed only at the degree of forging K > 4.5. Forging on the 

extension machine is characterised by more favourable state of stress than in the case of forging on the press, 

but with smaller share of shearing deformations, which, however, are the decisive factor for closing of non-

integrities. Microstructure on Figures 1, 2 is formed by basic matrix (ferrite, sorbit), in which massive particles 

of primary carbides are situated. Comparison of microstructure of the bars forged on the extension machine 

and on the press CKW 1600 (Figure 3) makes it possible to predict in structure of the steel forged on the 

forging machine more massive primary carbides. Grain size on both figures varies around the 7 (according to 

the ASTM). 
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7. CONCLUSION 

Effect of various forging technology on structure of tool steel X160CrMoV12-1 has been studied. Structure of 

the forged bars made of the tool steel EN X160CrMoV12-1 is influenced both by the forging technology and 

by technology of production of input blanks - ingots. In order to achieve high quality of structure it is necessary 

to choose a suitable shape and dimensions of anvils in dependence on the selected forging machine. Quality 

of structure achieved by forging depends in great extent, namely at the degrees of forging around K = 3, on 

the quality of the cast - primary structure of the ingot. Perfect forming of the structure can be achieved by 

forging with higher share of shearing deformations. 
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Abstract  

Research into new forming methods has yielded new techniques of altering the microstructure in 

hypereutectoid steels. An innovative approach to processing can lead to improved mechanical properties 

thanks to elimination of problematic and undesirable sharp-edged carbides which are very difficult to dissolve. 

This paper explores an unconventional method of refining the grain in and removing primary sharp-edged 

chromium carbides from X210Cr12 hypereutectoid tool steel.  

The process route applied to input stock comprised semi-solid processing followed by forming below the 

solidus temperature. The goal of the study was to determine the impact of the applied strain on microstructural 

evolution and grain refinement. In these experiments, the material was heated to above the solidus 

temperature and then either cooled without any other intervention or cooled to a forming temperature and then 

formed using five to ten deformation steps. Higher number of deformation steps led to much finer 

microstructure and higher hardness which increased from the initial 673 HV10 to 873 HV10. This procedure 

produced a very fine microstructure with grains of approximately 1 µm and a fine dispersion of chromium 

carbides. Since the resulting material was very hard and brittle, it had to be tempered. Tempering was 

performed once at 300 °C for 1 hour or twice at 530 °C, for 1 hour in each operation.  

Keywords: Metallurgy, steel, properties, applications, testing methods 

1. INTRODUCTION 

New processing methods for conventional materials continue to be sought to enable these materials to be 

deployed in various applications, including special ones. One of such methods is unconventional semi-solid 

processing of hypereutectoid tool steels. Semi-solid processing involves partial melting of the workpiece  

[1,2]. At high temperatures, primary chromium carbides are removed and the subsequent forming can produce 

microstructures with grains of approximately 1 µm and very fine precipitates. In addition, the entire heat 

treatment becomes shorter than the conventional routes. Conventional processing of these steels comprises 

quenching and subsequent tempering, typically multiple tempering. When semi-solid processing is used, the 

final tempering operations can be omitted or shortened substantially.  

Sharp-edged primary chromium carbides greatly improve resistance to wear and creep. However, due to their 

large size, they also impair toughness. They are usually present in high-chromium tool steels. Most carbides 

in tool steels produced by the conventional metallurgical route are the primary M7C3 type carbides which are 

very difficult to eliminate by conventional processing. Sometimes these steels must be produced using powder 

metallurgy [3-5]. These reasons have led to developing a process route which combines semi-solid processing 

and subsequent forming, removes sharp-edged chromium carbides and produces very fine chromium carbides 

which are uniformly distributed in a martensitic matrix [6-8]. 
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The resulting material exhibits high hardness along with brittleness which is undesirable for practical use. 

Therefore, an important step is subsequent tempering. The right tempering route leads to a slight decrease in 

hardness but improves toughness. 

2. MATERIALS AND METHODS 

The experimental material was X210Cr12 tool steel. It is a typical representative of hypereutectoid steels with 

sharp-edged chromium carbides. It was developed for cold working and its primary use is in punching and 

press-forming tools, typically in intricate progressive and combined punching tools. Given its chemical 

composition and a wide freezing range, it is suitable for semi-solid processing (Table 1) [4]. It was supplied in 

an annealed condition. The as-received microstructure contained large sharp-edged chromium carbides and 

very fine cementite particles in a ferritic matrix (Figure 1). Experimental specimens had a 30 mm diameter and 

55 mm length. To ensure that the partially melted workpiece can be handled safely, the feedstock was placed 

in a container of SJ355 low-carbon steel which had a higher melting temperature [6-7]. 

Table 1 Chemical composition of the steel under investigation (wt. %) 

C Cr Mn Si Ni P S 

1.8 12 0.3 0.35 max 0.5 max 0.03 max 0.035 

The heating temperature and time were 1,240 °C and 30 minutes, 

respectively [5,6]. At this temperature, approximately 15 % liquid phase 

is present in the material. After holding at temperature, the workpiece 

was cooled rapidly in water for 2 seconds and then placed in a furnace 

at 1,080 °C for 1.5 minutes. According to X210Cr12 tool steel’s data 

sheet, 1,080 °C is the recommended forging temperature. Workpieces 

removed from the furnace were either quenched in water to room 

temperature or mechanically worked using five or ten deformation 

steps (Table 2). The amount of reduction was the same for all the 

steps: 30 mm. In the series of 10 deformation steps, reheating to 

1,080 °C for 10 minutes was carried out after the first five steps. The 

purpose of the introduced strain was to break up and redistribute the 

ledeburite network which had formed upon semi-solid processing and 

to initiate dynamic recrystallization in austenite [9-10]. 

Table 2 Parameters for routes involving semi-solid processing  

T heating (°C) 

/time (min) 
Quenching 

medium/t (s) 
T forming (°C)/ 

 t (min) 
Deformation Cooling/medium 

HV10 

(-) 

1240/30 Water - No def. - 383 

1240/30 Water/2  1080/1.5  5× Water 673 

1240/30 Water/2  1080/1.5  10× Water 856 

Semi-solid processing with no subsequent mechanical working led to microstructures with a large fraction of 

austenite. On the other hand, the routes with deformation led to high hardness. After this finding, tempering at 

two different temperatures was incorporated: 300 °C for 1 hour, and double tempering at 530 °C, each 

operation for 1 hour (Table 3). The purpose was to determine the stability of austenite after tempering and 

monitor microstructural evolution in mechanically-worked specimens. Hardness of these materials was 

measured as well.  

Figure 1 - As-received condition 

of X210Cr12 steel, light 

micrograph 
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Table 3 Tempering routes for workpieces without and with mechanical working 

T heating (°C) 
/t (min) 

Quenching 
medium/t (s) 

T forming [°C]/ 
t (min) 

Cooling/medium T tempering (°C)/t (h) 
HV10 

(-) 

1240/30 Water - No def. 
300/1  378 

530/1 (2 times) 530 

1240/30 Water/2  1080/1.5  Water 
300/1  634 

530/1 (2 times) 608 

1240/30 Water/2  1080/1.5 Water 
300/1 726 

530/1 (2 times) 562 

3. RESULTS AND DISCUSSION 

Semi-solid processing after heating at 1,240 °C for 30 minutes, no subsequent mechanical working and final 
quenching led to a microstructure of polyhedral austenite grains embedded in ledeburite network. The amount 
of austenite was around 90 %. The network was a mixture of austenite and carbides. Hardness reached 383 
HV 10 (Figure 2).  

 

Figure 2 - 1,240 °C/30 min.,         

no mechanical working, light 

micrograph 

 

Figure 3 - 1,240 °C/30 min., five 

deformation steps, light 

micrograph 

 

Figure 4 - 1,240 °C/30 min.,  

ten deformation steps, light 

micrograph 

A profound change in the microstructure was found after five deformation steps following cooling to 1080°C. 
Mechanical working produced a considerably finer microstructure. The matrix consisted of martensite with a 
small fraction of untransformed austenite with a dispersion of fine chromium carbides. The amount of austenite 
was 34 %. The microstructure contained small clusters of ledeburite lamellae as a residue of the former 
network. The secondary carbides were smaller than 1 µm. Mechanical working led to a higher hardness: 
673 HV10 (Figure 3).  

Higher number of deformation steps, i.e. ten instead of five, produced an even finer microstructure, broke up 
the ledeburite even more and led to a more uniform distribution of carbides. The resulting martensitic 
microstructure was very fine, contained 37 % austenite and a uniform dispersion of chromium carbides. 
Hardness was very high due to higher number of deformation steps: 856 HV10 (Table 2). No remnants of 
unbroken ledeburite network were found in the microstructure. There were rare primary chromium carbides 
which, nevertheless, were much smaller and more globular than those in the as-received material (Figure 4). 

Due to the presence of a large amount of austenite after semi-solid processing with no subsequent mechanical 
working and because of high hardness after routes with mechanical working, additional tempering was applied. 
The temperatures were 300 °C and 530 °C. Tempering at 300 °C led to no substantial changes in the 
microstructure of specimens after semi-solid processing and no mechanical working. The resulting 
microstructure consisted of polyhedral austenite grains embedded in a ledeburitic network. Tempering at this 
temperature had no impact on hardness - which was 389 HV10 (Figures 5, 7). Partial austenite decomposition 
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only took place during tempering at 530 °C. The decomposition initiated along its grain boundaries where very 
fine pearlite formed. Austenite decomposition also occurred in the ledeburitic network. Some martensite 
needles were found directly within austenite grains. This partial martensite transformation was driven by the 
reduced carbon content in austenite which in turn was the result of pearlite formation. These microstructural 
changes were reflected in the increase in hardness from 383 HV10 to 530 HV10 (Figures 5-7). 

 

Figure 5 - 1,240 °C/30 min., 

tempering at 300 °C, light 

micrograph  

 

Figure 6 - 1,240 °C/30 min., 

tempering twice at 530 °C, light 

micrograph  

 

Figure 7 - Detail of pearlite which 

formed along austenite grain 

boundaries, scanning electron 

micrograph 

Tempering at the lower temperature of 300 °C caused no visible changes in the microstructure of specimens 

with five deformation steps. A very fine microstructure consisting of a martensitic matrix and chromium carbide 

precipitates was obtained (Figures 8, 9). Tempering of the martensitic matrix reduced hardness from 673 

HV10 to 634 HV10 (Figures 9, 11). Tempering at 530 °C was able to induce greater changes in the 

microstructure. Tempering at the higher temperature caused the remaining austenite to decompose into very 

fine pearlite. It also led to a greater degree of tempering of the martensitic matrix. With the higher tempering 

temperature, hardness decreased from 673 HV10 to 608 HV10 (Figures 10, 12). 

 

Figure 8 - 1,240 °C/30 min., 5 deformation steps, 

tempering at 300 °C, light micrograph 

 

Figure 9 - Detail of microstructure after 

tempering at 300 °C, light micrograph 

 

Figure 10 - 1,240 °C/30 min., 5 deformation steps, 

tempering twice at 530 °C, light micrograph 

 

Figure 11 - Detail of microstructure after 

tempering at 530 °C, optical micrograph 
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The route with ten deformation steps led to similar results as the previous one. Tempering at the lower 

temperature, 300 °C, altered the martensitic matrix and led to a decrease in hardness from 856 HV10 to 726 

HV10. In this microstructure, fine chromium carbides of M7C3 and M23C6 types were found. Small areas 

containing the initial ledeburite network were found as well (Figures 12, 13). The main effect of tempering at 

the higher temperature, 530 °C, was precipitation of fine chromium carbides in the matrix. The remaining 

austenite decomposed into pearlite (Figures 14, 15). Hardness decreased even more: to 562 HV10.  

  

Figure 12 - 1,240 °C/30 min., 10 deformation 

steps, tempering at 300 °C, light micrograph 

 

Figure 13 - Detail of microstructure after tempering 

at 300 °C, optical micrograph 

   

Figure 14 - 1,240 °C/30 min., 10 deformation 

steps, tempering twice at 530 °C, light micrograph 

Figure 15 - Detail of microstructure after tempering 

at 530 °C, optical micrograph 

4. CONCLUSION 

Semi-solid processing with subsequent mechanical working was carried out on X210Cr12 hypereutectoid tool 
steel. Three conditions of the input feedstock were prepared. The common part of the treatment routes involved 
heating to the semi-solid region at 1,240 °C, holding for 30 minutes and cooling for 1.5 minutes. It was followed 
by quenching, five deformation steps and ten deformation steps. Then two tempering sequences were applied.  
The first one was at 300 °C for 1 hour and the other at 530 °C for 1 hour which was repeated twice. 

The conventional tempering at 300 °C did not result in any appreciable changes in the microstructure of the 
material which received no deformation. Changes were seen after double tempering at 530°C. It led to 
austenite decomposition and pearlite formation. Hardness increased slightly, to 570 HV10. By contrast, in 
specimens which received deformation, tempering led to a decrease in hardness. In the materials after five 
and ten deformation steps, tempering at 300 °C led to a decrease in hardness by 39 HV10 and 130 HV10, 
respectively. Even higher decrease was seen after tempering at 530 °C: 65 HV10 and 290 HV10 after five and 
ten deformation steps, respectively. However, that was due to pearlite which formed in the microstructure and 
which is undesirable. Therefore, this tempering route is unsuitable for further use. 
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Abstract  

Determining the limit states (both theoretically and experimentally) of formed parts in the sheet metal forming 

represents quite important material characteristics, which are commonly applied e.g. in the field of numerical 

simulations. Within the precise determination of the limit state, there is not used only a relatively large number 

of theoretical approaches (e.g. theoretical Keeler-Goodwin diagram or MK theory), but also various 

experimental approaches. Thus, in addition to the basically preferred approach (the so-called Nakazima test), 

other experimental methods are commonly used - e.g. stretching shaped workpieces by the hemispherical 

punch and circular die, tensile test of specimens with different notches, common hydrostatic bulge test with 

circular or elliptical die or e.g. utilization of punches with different radii. Two different experimental approaches 

were used in this paper to determine limit state - to be specific position of the forming limit curve (FLC) in the 

forming limit diagram (FLD) for tested deep-drawing material DX57D. The contact-less optical system 

MERCURY RT from the company Sobriety was used to measure the distribution of true strains (major and 

minor one). In the experimental part, methods of stretching shaped workpieces by the hemispherical punch 

and circular die (can be applied to both parts of the FLC) and tensile test of samples provided with different 

notches (this one can be applied only to the left part of the FLC) were used. From the values of final limit states 

in light of strain and their mutual comparison, it is possible to deduce the influence of the chosen methodology 

(results from the first experimental approach are taken as a reference state) and thus also their possible 

applicability and reliably in the experimental determination of FLC´s. 

Keywords: Forming limit curve, sheet metal forming, deep-drawing material, contact-less optical 

deformation measurement, photogrammetry 

1. INTRODUCTION 

Within the sheet metal forming is knowledge of the materials limit states truly very important, because it 

provides information both to constructer and technologist about maximal achievable strains of applied material 

under different stress states that can occur at processing sheets. And as a boundary between safe conditions 

and failure of material, it serves so-called forming limit curve (FLC). A plot of the combination of strains that 

lead to failure is subsequently called a forming limit diagram (FLD) [1]. During the last decades, quite a lot of 

theoretical and experimental approaches have been investigated and verified in this area [2,3]. Regarding 

such numerous approaches, there is always issue about their accuracy and reliability. As a “conventional” 

standard is used so-called Nakazima test, i.e. drawing rectangular samples having different widths by 

hemispherical punch and circular die [4,5]. Similar experimental method was also used in this paper at first. 

In addition to that, there has been recently found an increasing application of so-called hybrid experimental 

methods, which determine the forming limit curve (FLC) only from the measurement of the static tensile test 

and relevant anisotropy coefficients. These methods are thus used in the context of fast and approximate 

determination of the forming limit curve position in the forming limit diagram (FLD), when the equipment for its 

precise determination by classical methods is not available. 
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2. METHODOLOGICAL BASES - TESTING MATERIAL AND “CONVENTIONAL” APPROACH 

As a tested material there was chosen the deep-drawing material DX57D Z100 MBO of thickness 0.6 mm. It 

is low-carbon steel that is mainly used in the automotive industry for the car-body outer panels. Basic 

mechanical properties (measured from 10 samples) of this material are summarized in Table 1.  

Table 1 Basic mechanical properties of tested deep-drawing material DX57D Z100 MBO 

Basic mechanical properties 

(rolling direction 0°) 

Proof yield 
strength 

Ultimate tensile 
strength 

Uniform 
ductility 

Total 
ductility 

Rp02 (MPa) Rm (MPa) Ag (%) A80mm (%) 

DX57D 
arithmetic mean x 154.3 295.5 26.12 45.28 

standard deviation s 1.2 2.1 0.42 0.35 

As there was already mentioned before, the major aim of this paper was to compare relevant part of FLC 

regarding the applied measuring procedure. The first one represents the “conventional” approach (very close 

to the classical Nakazima test), which used hemispherical punch and circular die to stretch shaped workpieces. 

Change of the stress state is there achieved by changing their geometry, where varies the minimal width (the 

central one) between curved parts, whose radius is always 105 mm. Magnitude of such width was as following: 

30, 45, 60, 90, 105, 120, 130, 140, 160, 180 and finally 210 mm. Thus, there were used 11 different geometries 

that are generally marked according to their width (e.g. FLD 30 or FLD 90 for samples having such central 

width of 30 mm or 90 mm; “full” samples are subsequently marked as FLD 210 - see Figure 1). Final FLD of 

tested DX57D steel (determined by that “conventional” measurement) is shown in Figure 1. Stress state is 

changing from the uniaxial tensile stress state (very close to the left boundary line - static tensile test) to the 

equi bi-axial stretching (next to the right boundary line) as it is also shown by black lines in Figure 1.   

 

Figure 1 FLD of tested material DX57D with examples of samples geometry (FLD 30, 90 and 210) 

3. DIFFERENT EXPERIMENTAL APPROACH AND RESULTS 

Beside “conventional” determination of FLD for tested material, there were also prepared notched samples to 

determine the influence of these notches on the position of FLC. In Figure 2 is shown testing position of sample 
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marked like NOTCH 1 (left) and environment of testing software WorkBench II (right) that is used to control 

the whole newly developed planar bi-axial testing machine (see Figure 3). 

  

Figure 2 Position of sample NOTCH 1 (left) and working environment of software WorkBech II (right) 

At the Department of Engineering Technology (TU of Liberec) was designed the new planar bi-axial testing 

machine (detail of own measuring unit is shown in Figure 3) that generally consists of two pairs of cylinders 

(thus totally four cylinders), which deformed tested specimen under required different stress and strain states. 

In this case was just used the uniaxial tensile stress state - so only two cylinders were active. In addition to 

that, there were applied also optical cameras and lighting for contact-less deformation measurement by the 

system MERCURY RT. The whole testing was carried out at room temperature and strain rate c = 0.002 s-1. 

 

Figure 3 Detail of planar bi-axial testing machine 

(1 - contact-less optical measurement, 2 - hydraulic clamping, 3 - hydraulic cylinder, 4 - tested sample) 

The chosen geometry of notched samples is schematically shown in Figure 4. Totally, there were prepared 

six different geometries marked as NOTCH 1 - 6. The minimal width (the central one) of all samples was 

30 mm and used radii were as following: NOTCH 1 - R100, 2 - R75, 3 - R50, 4 - R25, 5 - R15 and 6 - R7.5. 

Initial dimensions (length x width) of these samples were 300 x 65 mm. 
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Figure 4 Geometry of the notched samples 

Also, in this case was used contact-less optical deformation measurement via system MERCURY RT. 

Examples of evaluated images (right before fracture and at data scanning frequency of 12 fps) with distribution 

of major strain φ1 (1) and applied sections are shown in Figure 5. On the left is displayed NOTCH 1 (very 

similar to the static tensile test - sample no. 3) and on the right is shown NOTCH 5 (sample no. 3). 

  

Figure 5 Distribution of major strain φ1 (1) for NOTCH 1 (left) and NOTCH 5 (right) 

Figure 6 illustrates the necessary condition that has to be always done during evaluation of the forming limit 

diagrams acc. to standard ISO/DIS 12004-2. Here can’t be used maximal values, but regarding the localization 

of deformation (necking) there has to be applied parabolas open downward whose vertexes as finally taken 

as results. The same approach was also used at measurement the “conventional” FLC of tested material. 

 
Figure 6 Example of application parabola at finding results of FLC for NOTCH 1 
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The most important graphical comparison is shown in Figure 7, where are compared “conventional” samples 

(black dots and line) and notched samples (olive dots and dashed line) both in the form of scatters and as FLC 

curves. As there was already mentioned before, because of notches samples is there shown only left part of 

FLD - see values on X-axis. Moreover, there is also added the left limit of FLD´s as line having slope -2. 

Sometimes are used samples already designed for static tensile test in the case of samples marked here as 

FLD 30 or NOTCH 1, because stress state in this case is the uniaxial tensile one. 

Quite interesting tendency can be observed from the measured results, which can be divided into two basic 

groups. Among the first group can be found the notched samples marked like NOTCH 1 (R100), NOTCH 2 

(R75) and NOTCH 3 (R50) that reveal almost the same results as “conventional” ones with the lowest width 

(FLD 30 and FLD 45). In addition to the performed experiments, there were also tested static tensile samples 

and results of these tests (not shown in Figure 7) could be also find in the area of final values for samples FLD 

30 as well as for NOTCH 1. On the other hand, already in this area it can be observed the tendency of faster 

decrease (olive line) for notched samples then in the case of “conventional” ones. 

The second group consists of notched samples marked like NOTCH 4 (R25), NOTCH 5 (R15) and at the end 

NOTCH 6 (R7.5). In this area is difference between FLD´s samples (FLD 60, FLD 90 and FLD 105) and 

notched samples still more and more evident. The higher magnitude of minor strain φ2 (1), the higher difference 

between two experimental approaches. Thus, the maximal difference was observed in the case of NOTCH 6 

and its relevant position of FLC measured “conventionally”. It is evident that influence of the notch increases 

with the decreasing magnitude of used radius (in this case from R100 to R7.5). As the geometry of the notched 

sample becomes in light of radius more “severe” (smaller values of radius), there is faster achieving of the 

tested material limit state due to earlier localization of deformation and fracture of sample. 

 

Figure 7 Graphical comparison between “conventional” and “notched” samples of the FLC left part 

4. CONCLUSION 

The major aim of this paper was to compare (in the relevant area) two different experimental approaches, 

which can be generally used at determination the forming limit curve (FLC) in the forming limit diagram (FLD) 

of metal sheets. As a tested material was chosen the deep-drawing material marked as DX57 D Z100 MBO of 

thickness 0.6 mm. It is zinc-coated sheet that is mainly used for car-body outer panels in the automotive. 
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The first experimental method was performed by the hemispherical punch to stretch shaped workpieces. In 

this case, the stress state is changed by different geometry of samples (i.e. different minimal width in the centre 

of sample - see chapter 2). There were totally used 11 different geometries of testing samples (width was as 

following: 30, 45, 60, 90, 105, 120, 130, 140, 160, 180 and finally “full” samples having diameter of 210 mm). 

FLC measured by this method covers the full range within FLD and is shown, together with the examples of 

samples geometry, in Figure 1. The second experimental approach consisted of utilization different geometries 

of notches at uniaxial loading of these samples. Totally, there were used six geometries of notches in the 

experimental part. Schematically are these samples shown in Figure 4 and their designation was as following: 

NOTCH 1 - R100, NOTCH 2 - R75, NOTCH 3 - R50, NOTCH 4 - R25, NOTCH 5 - R15 and NOTCH 6 - R7.5. 

However, FLC measured by this method cover only left part within FLD, so the final comparison of these two 

methods was also done just in this region. 

The final comparison from the graphical point of view is given in Figure 7, where is shown the left part of FLD 

for both applied experimental approaches (“conventional” method is black and “notch” approach in olive). From 

such comparison is there obvious the following tendency - the higher magnitude of minor strain φ2 (1), the 

higher difference between two experimental methods. Regarding the geometry of notched samples, there is 

evident that as notch becomes more and more “severe”, there is earlier localization of deformation. It results 

in the failure of sample already before achieving its truly limit state. Based upon these results, there can be 

stated that (at least for tested deep-drawing material DX57D) is the second used experimental method 

(notched one) not very favourable and should not be used for determination left part of relevant FLC. On the 

other hand, these are just the first results and in addition to that only for one material. Such conclusion should 

be verified by further research in this branch, including other thicknesses of deep-drawing materials or other 

types of materials (e.g. high-strength steels or aluminium alloys). There can be also used other methods for 

FLC determination (e.g. utilization of punches with different radii) as well. 
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Abstract  

This work is devoted to one of the most important problems of modern physics of strength and plasticity - to 

the behavior of metals under various conditions of intense external influences. These are large plastic 

deformations, the formation of nanocrystalline structures under these conditions, complex cooperative 

dynamic processes in the zones of deformation localization, low temperatures or high deformation rates, high-

strength materials, etc. The relevance of this problem is due to the use of intensive external influences in 

numerous new technologies for obtaining and processing metal materials. To implement the high-pressure 

torsion process on a hydraulic single-column press, a special design matrix has been developed that allows 

the high-pressure torsion process to be implemented due to the linear movement of the striker relative to the 

frame. For investigation of this process, a FEM simulation using Deform program was used. Results of the 

study of the strain state showed that after 10 deformation cycles the average strain value is about 3,8. Results 

of the study of the stress state showed that compressive stresses prevail in the deformation zone. The tensile 

stresses are concentrated mainly on the periphery of the workpiece, its value is about 1080 MPa. Despite of 

high level of tensile stresses the value of compressive stresses is more than 3 times.  

Keywords: Severe plastic deformation, titanium, high pressure torsion, matrix, stress-strain state, FEM 

1. INTRODUCTION  

The development of metal forming technologies is now becoming one of the most important factors for 

improving the efficiency of industrial production. The development of metal forming is impossible without the 

development of fundamentally new technologies and equipment that allow you to obtain high-quality products 

at the lowest cost of their production. Also, in the conditions of market relations, it should be taken into account 

that the factor of high quality of metallurgical products directly affects the competitiveness, and, consequently, 

the increase in the welfare and functioning of an industrial enterprise. Obtaining high-quality products, i.e. 

products that fully meet the needs of the consumer, realize the greatest economic effect and have the highest 

technical, economic and operational indicators, in the metallurgical and machine-building industry is mainly 

associated with the development of new technological processes. 

One of the approaches developed in recent years to achieve high strength properties in metals and alloys is 

the formation of ultra-fine-grained or nanostructured states under plastic deformation. It was found that a 

combination of two factors leads to the production of ultra-fine-grained and nanostructure. This is a high 

intensity and significant non-monotonicity of deformation performed at temperatures no higher than the 

temperature of the return process. The first process provides the necessary dislocations generation and the 

dislocation structure evolution, and the second process provides the activation of new sliding systems of lattice 

dislocations and their interaction with the small-angle fragment boundaries formed during deformation, which 

leads to their restructuring into high-angle boundaries of a general type.  It is also necessary to have a high 

hydrostatic pressure, which is necessary to prevent the formation of cracks and pores. 

Various methods and schemes of plastic deformation are used to obtain ultra-fine-grained or nanostructured 

states: all-round forging, rolling, equal-channel angular pressing, high-pressure torsion, etc. [1-3]. Each of them 
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can lead to a significant increase in the strength of the material [5-6] while maintaining a certain margin of 

plasticity. It is known that severe plastic deformation by high pressure torsion (HPT) allows achieving the 

highest degrees of deformation in materials and grain grinding up to nanocrystalline sizes [4-5]. Therefore, the 

high pressure torsion method was chosen for titanium deformation, which will allow to achieve the maximum 

degrees of grinding of the grain structure of titanium by applying ultra-large degrees of shear deformation 

under high applied pressure. 

High-pressure torsion was first used for processing metal materials by P. Bridgman in 1935 [6]. The method 

received its second birth thanks to the work of Russian scientists in the 70-90-ies of the last century, in which 

it was used to obtain the NS states of many pure metals, alloys, intermetallides and ceramics. 

To implement the process of torsion under high pressure on the existing equipment of the University laboratory, 

a matrix of a special design was developed that allows to implement the high pressure torsion process, due to 

the linear movement of the striker relative to the frame (Figure 1). 

 

Figure 1 Model of high pressure torsion matrix 

The linear movement of the upper striker, with the upper part of the matrix fixed on it, due to the contact friction 
forces directed at an inclined angle to the opposite part of the matrix, transmits a torque to it, resulting in a 

linear movement turns into a torsion movement. 

The matrix consists of three parts. The lower part, which is a fixed matrix in which the sample is placed in the 

form of a disk with a diameter of 30 mm and a thickness of 10 mm. A rotating part of the matrix that has a 

lower flat surface in contact with the workpiece. And the upper surface, which is a spiral shape consisting of 

four segments. The upper part of the matrix is fixed in the upper striker, which also has a spiral shape, 

consisting of four segments. 

At the initial moment, the segments are separated, then the upper and lower parts of the matrix converge. Due 

to the segments of the matrix located at an acute angle and a spiral shape, the central part of the matrix is 

twisted and pressure is directly applied to the sample. 

2. FEM SIMULATION 

To test the implementation of the proposed method, it was modeled in the Deform 3D package, which allowed 

us to identify the "weak points" of the process, evaluate the stress-strain state of the workpiece at each cycle, 
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the strain intensity obtained during one full cycle of this method, as well as the required deformation force. All 

of these factors needed to assess the implementation of the method and the design of tooling, selection of 

power equipment for the experiment, on the basis of which to judge the degree of changes in the structure of 

the workpiece material. 

The stress-strain state (SSS) during deformation was analyzed based on the distribution of next parameters: 

1) effective strain; 

2) effective stress; 

3) hydrostatic pressure (stress mean).  

A titanium disk with a diameter of 30 mm and a thickness of 10 mm was used as the initial blank. The 

deformation was performed at room temperature. 

3. RESULTS AND DISCUSSION 

3.1. Strain state 

The results of the effective strain distribution during high pressure torsion are shown in Figure 2. 

 

Figure 2 Distribution of effective strain across the workpiece section 

Based on the obtained data, it is established that during the deformation process, the highest effective strain 

is observed along the contours of the workpiece, which is explained by the influence of external friction forces. 

Analyzing the sections of the obtained samples, it was found that the strain distribution over the entire volume 

of the deformed billet is very uniform. Moreover, the strain degree of the inner layers does not differ from the 

degree of deformation of the surface layers-this can be judged by the uniform color of the inner and outer 

layers on the section. So, after 10 deformation cycles the average strain value is about 3.8. 

3.2. Stress state 

The stress state of the workpiece at the time of deformation is the most important characteristic that affects 

the production of high-quality metal. The results of the distribution of equivalent stress at HPT are shown in 

Figure 3. 
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Figure 3 Distribution of equivalent stress across the workpiece section 

The equivalent stress covers the entire deformation zone and reaches a value of up to 450 MPa in the central 

layers of workpiece and up to 630 MPa in the outer layers. 

An important factor that has a significant impact on the efficiency of structure formation, especially for low-

plastic and hard deformable materials, such as titanium, is the value of hydrostatic pressure. Applying 

hydrostatic pressure provides a high uniformity of stress, strain and structural state distribution, contributes to 

the creation of favorable contact friction conditions, and preserves the plasticity resource. 

The best processing of the cast structure and closing of internal defects is positively affected by the presence 

of compressive stresses inside the deformable body that occur during the pressing process. These stresses 

can be characterized by the hydrostatic pressure distribution in the cross section of the workpiece (Figure 4). 

 

Figure 4 Distribution of the hydrostatic pressure 
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 More than the absolute value of the compression pressure (negative hydrostatic pressure), the higher ductility 

and smaller role in the scheme played by the principal stresses tensile stresses, the greater the ability to plastic 

deformation manifests metal. High hydrostatic pressure significantly increases the deformability of materials. 

It is also known that high hydrostatic pressure activates dislocation sliding, suppresses the processes of return, 

and leads to fragmentation of the structure at lower deformation degrees. 

The nature of the distribution shows that compressive stresses prevail in the deformation zone, with the 

exception of small zones. The maximum tensile stresses are no more than 1080 MPa, its distribution is 

concentrated mainly on the periphery of the workpiece. The value of compressive stresses is more than 3 

times.  

After analysis using the "Damage" tool, it was found that there is no danger of destruction of the workpiece 

even after ten deformation cycles. 

To obtain an ultra-fine-grained structure, it was decided to carry out the deformation at room temperature, but 

in the deformation process of due to friction forces, the workpiece is heated to a temperature of 135°C. Cold 

high pressure torsion is accompanied by the release of a large amount of heat and an increase in the material 

temperature in the deformation zone. During the deformation process, heat is released due to internal friction 

(plastic deformation, which results in the friction of some parts of the metal against others). About 85 % of the 

mechanical work used in torsion is spent on overcoming internal friction, and all the work of external friction is 

converted into heat.   

For titanium, this heating will not lead to recrystallization, but will help partially relieve stress during deformation, 

which allows for a greater number of torsion cycles. After analyzing Figure 5, we can say that the heating of 

the workpiece occurs evenly across the entire section. 

 

Figure 5 Temperature distribution across the workpiece section 

When developing technological processes of metal forming and designing equipment, it is necessary to know 

the energy-power parameters of the process, in particular, the force that must be applied to the deformable 

body to overcome the metal's resistance to deformation and friction on the surface of the metal's contact with 

the tool. Consequently, the simulation results were used to plot the change in the strain force (Figure 6). 
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Figure 6 Value of the deformation force during high pressure torsion 

Using studied process simulation, the strain force was estimated at about 3.5 MN. Analyzing the obtained 

results, a uniform increase in the deformation force is observed, which is explained by the plastic deformation 

of the sample, the degree of which reaches 1%. The maximum peak stress corresponds to the maximum 

hardening of the sample. Further, a jump-like change in the deformation force associated with the material 

state under high pressure torsion is observed.  

4. CONCLUSION 

As a result of the simulation of deformation by the HPT method with the matrix of the new design, the following 

conclusions can be made:  

 based on the stress-strain state analysis, the possibility of providing shear deformations in the processed 

metal is shown; 

 strain state study showed that after 10 deformation cycles the average strain value is about 3.8; 

 stress state study showed that compressive stresses prevail in the deformation zone. The tensile 

stresses are concentrated mainly on the periphery of the workpiece, its value is about 1080 MPa. 

Despite of high level of tensile stresses the value of compressive stresses is more than 3 times. 
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Abstract 

The influence of initial soaking and parameters of hot plastic working on the deformability and microstructure 

of the A-286 superalloy have been presented. The research was performed on a torsion plastometer in the 

range of temperatures of 900 - 1150 °C, at a strain rates of 0.1 s-1 and 1.0 s-1. Plastic properties of the alloy 

were characterized by the worked out flow curves and the temperature relationships of flow stress and strain 

limit. The structural inspections were performed on microsections taken from plastometric samples after so-

called “freezing”. The stereological parameters as the recrystallized grain size, inhomogenity and grain shape 

have been determined. Functional relation between the average grain area and the Zener-Hollomon parameter 

has been developed and the activation energy for hot working has been estimated.  

Keywords: A-286 superalloy, hot deformation, plastic properties, recrystallization, quantitative  

metallography 

1. INTRODUCTION 

The behaviour of metals and alloys during hot plastic working has a complex nature and it varies with the 

changing of such process parameters as: deformation, strain rate and temperature [1,2]. The high-temperature 

plastic deformation is coupled with dynamic recovery and recrystallization processes which influencing the 

microstructure and properties of steels and alloys. 

The Fe-Ni superalloys are difficult to deform and are characterized by high values of flow stress at a high 

temperature. High deformation resistance of superalloys is caused by a complex phase composition, high 

activation energy for hot working and a low rate of dynamic recrystallization. When choosing the conditions for 

hot plastic working of Fe-Ni superalloys, the following factors should be considered [3,4]: the matrix grain size, 

plastic deformation parameters and the course of the recrystallization process. The grain size is particular 

importance. Grain refining leads to an increased rate of recovery and dynamic recrystallization and to a smaller 

diameter of recrystallized grains. This is important, for the grain refinement in a Fe-Ni superalloys has an 

advantageous influence on increasing their yield point and fatigue strength [5,6]. 

The aim of the work was to investigate the influence of initial soaking and hot plastic working parameters on 

the deformability and microstructure of the A-286 superalloy.  

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The examinations were performed on rolled bars, 16 mm in diameter, of an austenitic A-286 type superalloy. 

The chemical composition is given in Table 1. 
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Table 1 Chemical composition of the investigated A-286 superalloy 

Content of an element (wt. %) 

C Si Mn P S Cr Ni Mo V W Ti Al B N Fe 

0.05 0.56 1.25 0.026 0.016 14.3 24.5 1.35 0.32 0.10 1.88 0.16 0.007 0.0062 55.3 

The samples for investigations were made from rolled bars sections which were subjected to preheating, i.e. 

1100 °C / 2 h with subsequent cooling in water. Heat treatment of this type corresponds to the soaking 
parameters of the investigated superalloy before hot plastic processing [7,8]. The research on the alloy 

deformability was performed in a hot torsion test on a Setaram torsion plastometer 7 MNG. The plastometric 

tests were performed every 50 °C in a temperature range of 900 - 1150 °C, with a constant holding time of 10 

min at the defined temperature. Solid cylindrical specimens (Ø 6.0 × 50 mm) were twisted at a rotational speed 

of 50 and 500 rpm, which corresponds to the strain rate of 0.1 s-1 and 1.0 s-1, respectively. To freeze the 

structure, the specimens after deformation until failure were cooled in water. 

From the data recorded, dependencies were determined of the flow stress (σp) as a function of substitute strain 

(ε), according to the methodology presented in papers [9,10]. On the flow curves determined, the following 

parameters characterizing plastic properties of the alloy in the torsion test were defined: 

 σpp - maximum flow stress on the flow curve (MPa), 

 εp - deformation corresponding to the maximum flow stress (-), 

 σf - stress at which the sample is subject to failure (MPa), 

 εf - deformation at which the sample is subject to failure, the so-called strain limit (-). 

Relations between the flow stress and alloy deformation, and the deformation conditions were described by 

using the Zener-Hollomon parameter Z (s-1) [11,12]: 

  nppA
TR

Q
Z  










 sinhexp&  (1) 

where: &  - strain rate (s-1), Q - activation energy for hot working (J·mol-1), R - molar gas constant 

(8.314 J·mol-1·K-1), T - temperature of deformation (K), and A (s-1), α (MPa-1), n (-) - constants depending on 

grade of the investigated material. 

The activation energy for hot working Q was determined in accordance with the procedure specified in the 

work by Schindler and Bořuta [13]. The solution algorithm consisted in transforming Eq. (1) to the form: 

 npp
TR

Q
A )sinh(exp  











&  (2) 

Further procedure was based on solving Eq. (2) by a graphic method with using the regression analysis. 

Structural inspections were performed on longitudinal microsections taken from the plastically deformed 

samples until failure after so-called “freezing”. Due to the deformation inhomogeneity, microscopic observation 

was conducted in a representative region located at a distance of ca. 0.65 - 0.75 of the specimen radius. A 

quantitative analysis of the investigated microstructures was carried out by means of a computer program 

MET-ILO v. 3.0 [14]. For the analyzed microstructures, in accordance with the methodology presented in paper 

[15], the following stereological parameters were determined: 

 average area of grain plane section (Ā), 

 variability coefficient of the grain plane section area ν(Ā), 

 volume fraction of dynamically recrystallized grains in the structure VV, 

 grain elongation coefficient δ (Feret coefficient), 
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 classical dimensionless shape coefficient ξ. 

3. RESULTS AND DISCUSSION 

The results of the plastometric investigations, in the form of the calculated alloy flow curves at temparatures 

of 900 - 1,150 °C along with corresponding specimen microstructures for two strain rates, are shown in 

Figure 1 and Figure 2. 

 

Figure 1 The effect of deformation temperature on the flow stress and microstructure of the A-286 

superalloy after initial soaking at 1,100 °C / 2 h. Strain rate: 0.1 s-1 

 

Figure 2 The effect of deformation temperature on the flow stress and microstructure of the A-286 

superalloy after initial soaking at 1,100 °C / 2 h. Strain rate: 1.0 s-1 

The curves obtained for the strain rate of 0.1 s-1 have a shape characteristic of a material in which dynamic 

recovery and recrystallization took place (see Figure 1). High deformability values (εf = 3.1 - 3.3) were obtained 

for the alloy in a torsion temperature range of 1,000 - 1,050 °C. After deformation at 900 °C, considerably 
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elongated grains of deformed austenite as well as formation of fine recrystallized grains were observed in the 

specimen microstructure (see Figure 1a). In a torsion temperature range of 950 - 1,100°C, the alloy 

microstructure consisted of dynamically recrystallized grains (see Figures 1b-e). With an increasing 

deformation temperature, a gradual growth of the recrystallized grains was observed. The recrystallized grains 

are characterized by a deformed grain boundary line, which indicates an extensive cumulated deformation in 

the specimens. At the highest torsion temperature (1,150 °C), some elongated grains of dynamically 

recrystallized austenite were observed in the alloy microstructure (see Figure 1f). 

An increase of strain rate to 1.0 s-1 significantly increases the flow stress values and clearly decreases the 

alloy deformability at all the temperatures examined (see Figure 2). This phenomenon can be explained by 

a higher alloy consolidation rate as well as too slow removal of the strengthening as a result of dynamic 

recovery and recrystallization. The highest values of strain limit were lower (εf = 2.3 - 2.5) and they were 

obtained for the alloy at torsion temperatures in the range of 1,000 - 1,050°C. After deformation at 900 °C, the 

alloy microstructure is not completely recrystallized, which is indicated by the presence of primary austenite 

grains and fine recrystallized grains (see Figure 2a). At a torsion temperatures range of 950 - 1,100 °C, the 

alloy microstructure consisted of dynamically recrystallized grains (see Figures 2b-e). With an increasing 

deformation temperature, a gradual growth of the recrystallized grains was observed. The boundaries of 

recrystallized grains are less deformed compared to the specimens deformed at a lower rate, which can be 

explained by a lower cumulated deformation in the specimens. At the highest torsion temperature (1,150 °C), 

the alloy microstructure contain a small amount of dynamically recrystallized grains, which is probably related 

to the failure of the sample at low strain (see Figure 2f). 

The results of a quantitative evaluation of the investigated A-286 superalloy microstructure after deformation 

until failure in a temperature range of 900 - 1,150 °C and a strain rates of 0.1 s-1 and 1.0 s-1 are presented in 

Table 2 and in Figure 3 and Figure 4. 

Table 2 Stereological parameters of the A-286 superalloy microstructure after deformation in a temperature 

range of 900 - 1,150 °C at a strain rates of 0.1 s-1 and 1.0 s-1 

Deformation 
parameters 

Volume fraction of 
recrystallized grains 

Grain average  
area 

Grain elongation 
coefficient 

Dimensionless 
shape coefficient 

T 
(°C) 

&  
(s-1) 

VV 
(%) 

Ā 
(µm2) 

ν(Ā) 
(%) 

δ 
 

ν(δ) 
(%) 

ξ ν(ξ) 
(%) 

900 0.1 41.3 16* 93 1.02 48 1.18 51 

950 0.1 100 25 55 1.04 38 0.48 48 

1000 0.1 100 40 130 1.09 43 0.51 53 

1050 0.1 100 52 240 1.12 66 0.52 51 

1100 0.1 100 103 232 0.99 43 0.64 48 

1150 0.1 100 198 242 1.31 47 0.62 58 

900 1.0 68.0 12* 135 1.09 45 0.53 49 

950 1.0 100 23 140 1.00 53 0.53 56 

1000 1.0 100 39 183 1.07 43 0.65 51 

1050 1.0 100 49 204 1.00 56 0.71 51 

1100 1.0 100 87 190 1.03 52 0.61 55 

* recrystallized grains without fraction of primary grains 

In the microstructure of the alloy after deformation in the investigated temperature range at a rate equal  

0.1 s-1, monotonous growth of the grain average area (Ā) is observed from a value 16 µm2 at 900 °C to 198 µm2 
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at 1,150 °C (see Figure 3). Up to the deformation temperature of 1100 °C, the dynamically recrystallized grains 

are approximately equiaxial ( = 0.99 - 1.12), whereas at the highest torsion temperature, 1,150 °C, they are 

elongated ( = 1.31) (see Figure 4). An increase of the torsion rate up to 1.0 s-1 induces a certain reduction of 

the recrystallized grain size. Also, in this case, in the investigated range of deformation temperatures, 

a monotonous growth of the grain average area (Ā) was observed, from 12 µm2 at 900 °C to 87 µm2 

at 1,100 °C (see Figure 3). In the analyzed range of torsion temperatures of 900 - 1,100 °C, the dynamically 

recrystallized grains are approximately equiaxial ( = 1.00 - 1.09) (Figure 4). 

  

Figure 3 The effect of deformation temperature on 

the average area of recrystallized grains after 

torsion at a rate of 0.1 s-1 and 1.0 s-1 

Figure 4 The effect of deformation temperature on 

the elongation coefficient of recrystallized grains 

after torsion at a rate of 0.1 s-1 and 1.0 s-1 

The dependencies between the alloy deformation parameters and the average area of the recrystallized grains 

are shown in Figure 5. For both of the torsion rates applied, mathematical dependencies of an exponential 

nature were obtained. 

The functional dependence between the average grain area and the Zener-Hollomon parameter Z are 

presented in Figure 6. For the analyzed alloy deformation parameters, a mathematical dependence of an 

involutory nature was determined: 

25005 Z1039A ..                                                                                                (3) 

  

Figure 5 Relationship between the average grain 

area after recrystallization versus deformation 

temperature and strain rate 

Figure 6 Relationship between the average grain 

area after recrystallization and the Zener-Hollomon 

parameter Z 
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The activation energy for hot working Q was calculated by the means of a computer programme Energy 3.0 

[13]. The estimated activation energy for hot working in the range of the applied deformation temperatures of 

900 - 1,150 °C and strain limits 0.1 s-1 and 1.0 s-1, was high and amounted Q = 441.8 kJ∙mol-1. 

4. CONCLUSION 

The performed examinations on a torsion plastometer in the range temperature of 900 - 1,150 °C and strain 

rates 0.1 s-1 and 1.0 s-1, indicated that the deformability and microstructure of the A-286 superalloy depend 

considerably on parameters of the hot plastic working. 

Optimum values of maximum flow stress and strain limit were obtained for the superalloy after the initial 

soaking at 1,100 °C / 2 h and deformation in the temperature range of 1,000 - 1,050 °C at strain rate 0.1 s-1. 

The use of higher deformation temperature and strain rate 1.0 s-1 is not recommended due to a growth of 

matrix grains, difficulties in the course of the recrystallization process as well as a decrease of the alloy 

plasticity. 

A considerable influence has been found of the deformation temperature and strain rate on grain size and 

inhomogenity of the grain size after dynamic recrystallization. However, no explicit influence of the alloy 

deformation parameters on the shape of recrystallized grains has been observed.  

The functional dependence between the average grain area (Ā) and the Zener-Hollomon parameter (Z) has 

been described by a simply equation. 
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Abstract  

The paper is focused on the design of a new technology for the production of bearing components in operating 

conditions. The design is compared with current technology, the essence of which is the operation of multi-

spindle automats, i. implementation of classic soft operations by turning. From the comparison of technologies, 

it is possible to see the advantages of the proposed solution in terms of material intensity, as well as the overall 

quality of production, in the production of large series of components of mechanical structures, such as 

bearings. Traditional component production technologies often use rods and a forging process (Hatebur), 

where the deformation is relatively high, the course of the fibers is regular and parallel to the axis of the ring. 

In order to achieve material and energy savings, it is possible to focus on technologies that provide lower costs 

but also higher production quality in terms of the higher durability of components. Thus, such a technology is 

cold forming technology by rolling. The paper deals with the monitoring of the characteristics of the bearing 

rings processed in this way, where the starting semi-finished product is a tube with a drilled center, which is 

axially rolled after treatment. In the end, the paper will evaluate cold rolling tests for specific types of inner 

bearing rings. 

Keywords: Semi-finished product, bearing ring, rolling, production 

1. INTRODUCTION 

Rolling bearings are a common mechanical element used in many manufactured products, such as 

automobiles, electrical appliances, and aircraft engines [1]. 

The current production of bearing rings places increasing demands on higher accuracy, better surface quality 

and higher productivity. Automated flexible manufacturing requires a new generation of manufacturing 

technologies to guarantee shorter machine times, while requiring the development of quick-change systems 

to reduce downtime. Conventional machining applications in the past have been characterized by large 

material removal and subsequent finishing operations in turning operations. At present, finishing operations 

are increasingly replaced by high-precision operations, which achieve a high quality of the machined surface 

at small feeds and small depths of cut [2-5]. 

The aim of this paper, as already mentioned in the abstract, is to demonstrate the benefits of our proposedand 

experimentally verified optimization of the production of bearing rings by rolling with the help of shaped 

mandrels. And the inclusion of the rolling operation in the serial production of bearing rings. 

2. ANALYSIS OF THE ROLLING PROCESS (ROLLING) 

Ring rolling is a process of gradually forming a ring-like blank into the outer shape of a rotating working roll. 

The main advantage of this process is that it can produce seamless forgings with material flow in the 

circumferential direction and requires less material than forging [6]. 
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The radial-axial ring rolling is a complicated dynamic forming process with multi-factor coupling effects of 

geometrical, physical and boundary nonlinearity [7-8].  

Zhou et al. [9] have developed a method for reasonably determining the size of a forming roll and the range 

of forming parameters to improve the stability of the process and the quality of the ring product. 

The starting semi-finished product for this type of production is a tube with a drilled center, which is axially 

rolled after treatment [10]. The rings are also rolled with grooves for covers and seals (see Figure 1 and 

Figure 2). The cycle rolling time of the ring is 8 to 10 seconds. In this production process, the course of the 

fibers is parallel to the rolling surface of the bearing. The basic condition for the success of this production 

process is that the semi-finished product has the correct weight within a tolerance of up to 2.7 %. The semi-

finished product has the same width, but a smaller diameter than the billets. With this method of forming the 

outer bearing rings, the outer diameter of the semi-finished product is increased by up to 1.25 times. The rolled 

ring is heat-treated without further treatment. 

  

Figure 1 Rolling of bearing ring Figure 2 Schematic principle of cold rolling 

SRF120 

Experimental verifications of the production of 

bearing rings were performed on rolling machine 

SRF 120 IR. The machine is fully automated and 

can be included in a semi-automatic line. 

The starting semi-finished products are fed 

through the chute to the clamping collet, which 

clamps them. The collet conveys the starting 

blank to the working space, Figure 3. The 

mandrel is guided into the ring bore and into the 

bore of the opposite bearing. Afterwards, the 

rolling process begins with the shaping of the ring 

profile. When the dimension specified in the active 

control device is reached, the removal of the jig 

begins, and the ring is automatically dropped. 

During the verification tests of the rolling was used a tool manufactured by the tool service. Rolling mandrel 

(see Figure 4) - to produce the rolling mandrel was use ASP 30 material produced by remelting powder 

hardened to 64 ± 1ARC.  Rolling mandrel dimension was ø 60 x 215 mm. The profile curve is produced on a 

CNC lathe with a tolerance of ± 0.01 mm. It machined with cubic boron nitride. After finishing the shape, the 

rolling mandrel is coated with nanocomposite. 

 

Figure 3 Detailed view of rolling 
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3. DETERMINATION OF THE RING INPUT DIMENSIONS FOR COLD ROLLING ON SRF 120 IR 

For better use of the material, it was proposed to use a semi-finished product from the forging machine AKS 

63 with subsequent rolling to UEL 85 (see Figure 5). Dimensions of the semi-finished product of the original 

bearing ring ϕ103 x 6 mm made of material 100Cr6 K + GBK. 

 

Dv - outer diameter of the starting ring (mm), 

dv -  inner diameter of the starting ring (mm), 

Bv - width of the starting ring (mm), 

f - facet width (mm), 

Dh - outer diameter of the rolled ring (mm), 

dh - inner diameter of the rolled ring (mm), 

Bh - width of rolled ring (mm) 

Figure 5 Drawing of semi-finished product for rolling 

Determination of ring dimensions 

Procedure for calculating the semi-product for rolling starting diameter calculation dv (mm): 

78 � 


.�9
.� 7: � 



.' 93.4 � 66.7;;           (1) 

real dv = 67.8 mm  

Material volume V in mm3: 

< � =
> � 
��.�

%.�� � 15 605;;�            (2) 

where: G - ring weight 122.5 g, Ε - 7.85 g∙cm-3. 

Width of the starting ring Bv (mm): 

@: A 0.2 9 0.4 ;; �  @8  

@8 �  @: A 0.2 � 10.65 A 0.2 � 10.45;; 

(3)

Using the calculated Bv, dv and volume V, is calculated the outer diameter of the starting ring Dv. The phase 

volume of the starting ring must be considered. 

Before the heat treatment in tangential rolling are ground 

only the faces. Despite the advantages of cold rolling 

technology, due to the high degree of deformation of some 

pieces, may appear even small cracks. To keep the quality 

of their production, manufacturers strive to ensure 100% 

control of the surface quality of functional surfaces. 

 

 Figure 4 Rolling mandrel 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

255 

Calculating of starting diameter Dv (mm): 

DC � D '∙ F
G∙HI - dC� � D '∙
� ���

�.
' ∙
�.�� - 67.8� � 80.50mm         (4) 

real Dv = 80.70mm. 

Determination of starting ring faucet: f 

Facet depends on the profile and type of ring. With a straight profile, the mandrel facet falls off. 

Note: the calculation procedure was performed according to the documents of the manufacturer of the rolling 

mill SRF 120 IR. 

Important knowledge applied in the rolling of inner bearing rings: 

 roll up the entire profile of the ring with minimal deformation work, 

 the calculated result must be optimized by experimental rolling. 

4. RESULTS AND DISCUSSION 

When measuring deviations, were randomly selected dozens of rings and were measure deviations of the 

orbital diameter, orbital ovality, external friction deviation, external friction ovality. The results of experimental 

measurements are processed into graphs. (see Figure 6 and Figure 7). 

 

Figure 6 Graph of measured deviations of rolled diameters and orbits 

 

Figure 7 Graph of measured deviations of roundness of diameter and orbit 
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The graphs clearly show that the measured values lie within the tolerances for the defined averages 

both for their size and for their roundness. Based on the performed experiments, it is possible to unambiguously 

state that the proposed technology of production of bearing rings is suitable and also has economic 

advantages. 

5. DESIGN OF COLD ROLLING WORKPLACE 

Given the findings based on experiments carried out, it was decided to include the technological process of 

rolling rings in series production. The proposed of the technical - organizational project solves the prospective 

scheme with SRF 120 IR. It is an effort to introduce more progressive technology into production. The project 

design is solved schematically in the same spaces as the current state. 

Proposed principles solution: 

 line creation by a suitable technological arrangement of machines, 

 sufficient capacity of machines, 

 improvement and simplification of material handling and material flow, 

 increasing the quality of bearing rings. 

The objective of the proposed measures is to achieve: 

 increasing the quality of products, 

 increase of productivity, 

 reduction of confusion in soft operations, 

 increase of culture and hygiene of work, 

 reduction of physical effort of workers. 

In the design, the main consideration was to achieve the required precision in the production of bearing rings. 

Their quality will be 100 % checked on the control machine. It is used for the final control of the dimensions of 

the rings after rolling, turning of the faces and grooving, before the rings proceed to the next operation - heat 

treatment, because even with the most precise machining, surface defects can occur on the surface. 

Line composition 

The line for rolling, turning faces and recesses (see Figure 8) consists of: loaders, rolling machine SRF120, 

SHIN-E face and groove turning, washing machines, automatic control. 

 
Figure 8 Line for rolling rings 

6. CONCLUSIONS 

The cold rolling technology of bearing rings is a relatively new production technology that has found practical 

application in the mass production of bearing rings. Based on this analysis, we came to the unequivocal 

conclusion that rolling is a more advantageous and more progressive method of bearing rings production for 

a given type of production and type size, especially in saving money on material, accuracy and quality of 

products. 

  Feeder      Rolling machine      SHIN-E turning    Washing machine    Control automat 
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The material intensity of cold rolling the bearing ring is lower 

to conventional turning by approx. 7.85 %. From the overall 

economic point of view, the production of bearing rings by 

cold rolling is more advantageous. With this technology, 

the savings are mainly in the costs of semi-finished products 

(see Figure 9 and Figure 10) and elaboration. 

The price of operating the workplace and operating the 

machines are lower by about 11 %. Costs for additive service 

activities represent a reduction of these costs by about 22 %. 

The dynamic load capacity of cold-rolled bearing rings is 30 

to 50 % higher than that of bearing rings produced by tube 

turning. 

However, it is necessary to further study in detail the 

processes that occur during the production of bearing rings 

by cold rolling technology. How this technology affects the 

reliability, service life and cost of rolling bearings. 
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Abstract 

This paper describes experimental stages of a cooling system designing procedure in laboratory conditions of 

vertically and horizontally moving surfaces. First stage of the experimental research is focused on a study of 

a water flow distribution and impact pressure using laboratory equipment and software. Water distribution and 

impact measurement tests are used for verification of catalogue data provided by nozzle producer so thus an 

input information to the theoretical water distribution visualization software. Second stage of the experimental 

research are dynamic tests to describe an influence of several parameters (water flow rate, pressure, nozzle 

position etc.) on the cooling capability and mainly on the cooling homogeneity. Heat transfer coefficient 

dependence on a surface temperature and position obtained from these results and used as a boundary 

condition for simulating real cooling process with real material and thickness. Verification and characterization 

of the final cooling system could be done using Carousel stand when the linear movement is transferred to a 

rotation and it enables to simulate very long cooling zones. Examples of the thin sheets cooling and influence 

of several parameters on the cooling intensity are given in this paper. 

Keywords: Heat treatment, thin plate cooling, heat transfer coefficient 

1. INTRODUCTION 

Design process of cooling section for sheets cooling is quite complicated due to requirement of high cooling 

intensity and perfect cooling homogeneity. Very intensive inhomogeneous cooling can lead to plate 

deformation during product making process [1-4].  

Cooling intensity is major important parameter in process control. It could be easily changed by changing 

parameters that influences a heat transfer coefficient (HTC [Wm-2K-1]). These parameters are: water 

impingement density, pressure, temperature, strip velocity, spray configuration and so on [5-7]. These 

parameters have to be characterized deeply for each cooling system. The Heat transfer and fluid flow 

laboratory (HeatLab) developed testing devices for cooling processes simulations of vertically and horizontally 

moving plates in laboratory conditions. 

Cooling section designing process starts by specification of metallurgists requirements for the new cooling 

system or by characterization of the current one. Three stages of cooling design follow. First stage is focused 

on measurements of water spray impact pressure on flat plate. It allows adapting distances between nozzles 

to control water spray overlaps - cooling homogeneity. When this stage is done the heat transfer tests are 

performed (second stage). Cooling capability and homogeneity are characterized by heat transfer coefficient 

dependence on the surface temperature and position of a strip in a cooling zone. These boundary conditions 

are used for cooling simulation [8]. Simulations results depends also on material properties precision [9] so 

final cooling design should be experimentally verified (third stage). Full scale cooling zone could be produced. 

The Carousel stand is used for these tests. It enables to simulate real cooling process in laboratory conditions. 

Once the cooling regime with real sample is verified, the cooling zone could be easily designed, produced and 

used in real plant. 
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2. STUDY OF WATER FLOW DISTRIBUTION AND IMPACT PRESSURE (PHASE 1) 

Preliminary design of a cooling zone is dependent on input requirements and HeatLab experiences. Two of 

the most important parameters are cooling homogeneity and intensity. Thin sheet deformation is very sensitive 

on a cooling homogeneity especially in a case when very high cooling rates are required [10]. HeatLab 

developed device for measurement of water impact pressures on flat plate (Figure 1). It is composed of 

moveable plate equipped by pressure sensor with minimal diameter of 0.1 mm. Device is connected to a 

computer which records impact pressures and controls movement of the plate under nozzles. 

   

Figure 1 Scheme of the impact pressure measurement device (on the left) and picture with two spraying 

nozzles during measurement 

Examples of obtained results are shown in Figure 2. The difference between these two tests was only in 

spraying distance - 50 mm for results on the left side and 130 mm on the right side. Water pressure was set 

to 5 bar. Results show problem of different spay distances which causes cooling non-homogeneities on a strip 

surface. 

       

   

Figure 2 Example of impact pressure measurement results for two non-homogeneous cooling systems with 

too wide nozzle pitch (on the left) and overlap (on the right) 

Several configurations for various nozzles configurations and sizes are tested. Finally, two or three 

“homogeneous” configurations with different nozzle sizes are chosen for heat transfer tests (Phase 2). 

3. HEAT TRANSFER TESTS (PHASE 2) 

Second stage of a cooling section designing process is focused on heat transfer tests. These tests are done 

to characterize cooling intensity of preliminary designed system and for verification of a cooling homogeneity. 

HeatLab developed two experimental devices used for measurement of a heat transfer coefficient on a 

horizontally (Figure 3 - linear stand) and vertically (Figure 4) moving plates.  
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Linear test bench is composed of 7 meters long rotatable girder with a trolley. An experimental plate is made 

of high temperature resistant austenite stainless steel sheet with maximal thickness of 2 mm. Thermocouples 

are welded on the rear side of the sheet. This side is insulated. The experimental sheet is surrounded by 

extended sheet which is not heated during experiment. Dimensions of the sheet are 320 x 300 mm. Total 

dimensions with surrounding sheets are 850 x 550 mm.  

   

Figure 3 Linear stand scheme (on the left) and picture of running experiment on horizontally moving plate 

Vertical stand is similar to the linear stand but the experimental plate is oriented (moving) vertically.  

Experiment procedure is similar for both stands. Experimental sheet is heated to the initial temperature in inert 

atmosphere. The water pump is switched on and a heater is removed. Experimental sheet is then moved with 

required velocity through a cooling zone reversibly until it is cooled to required temperature (usually lower than 

100 °C). Maximal movement velocities are 10 ms-1 for linear stand and 5 ms-1 for vertical stand. Temperatures 

and position information are recorded by data-logger with frequency of 320 Hz. Data are downloaded to a 

computer and evaluated. 

     

Figure 4 Scheme of the vertical stand (on the left), picture of the experimental sheet in the cooling zone  

(in the center) and experimental sheet right after heating (on the right) 

   
Figure 5 Example of a heat transfer coefficient dependence on the surface temperature and position, 

3D view on the left and top view on the right, cooling zone scheme is on the left side 
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Various types of nozzles and configurations (configurations chosen during impact tests), water pressures, 

movement velocity are examples of tested parameters. Heat transfer coefficient dependence on the position 

and surface temperature are obtained from these tests using inverse task (Figure 5). Detail information about 

inverse task could be found in [11-15]. Cooling intensity and homogeneity is evaluated by comparison of 

obtained heat transfer coefficient dependences on the surface temperature for selected position interval.  

Cooling homogeneity comparison examples are shown in Figure 6. Thermal sensors were positioned in line 

in nozzle axis and between. Heat transfer coefficients are almost identical for homogeneous cooling (on the 

left). Plate surface was recorded by video camera under the cooling zone. The surface picture after a pass 

through cooling zone is shown in corresponding graph (Figure 6). Tigers are clearly visible in the right picture 

where non-homogeneous cooling is presented. 

  

 

Figure 6 Example of homogeneous (left graph) and non-homogeneous cooling system (right graph) with a 

corresponding sheet surface picture. Thermocouples were positioned in areas in nozzle axis (under nozzle) 

and between 

Cooling intensity is very important parameter in cooling section development process. Figure 7 and Figure 8 

shows influence of several parameters on the cooling intensity - heat transfer coefficient increases with 

increasing of water pressure (flow rate). It is quite clear. Interesting are results shown in Figure 7 on the right 

[16]. There were tested various water impact angles (water knife). The highest heat transfer coefficient was 

found for impact angle of 30°. Other very interesting result is in shift of a Leidenfrost temperature for cooling 

with different water temperatures (Figure 8 on the left) [17,18]. Other parameter could be different surface 

roughness. Polished, brushed and standard surfaces were tested. The small difference in surface roughness 

(Ra) did not influence the heat transfer coefficient significantly (Figure 8 on the right). The final design of a 

cooling zone could be defined. 
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Figure 7 Heat transfer coefficient dependence on the surface temperature, influence of the water pressure 

on HTC and water impact angle [16] 

   
Figure 8 Example of dependence of the water temperature (left picture) [17] and surface roughness (on the 

right) on the cooling intensity 

4. VERIFICATION OF THE SIMULATIONS IN LABORATORY CONDITIONS (PHASE 3) 

Last stage of this project could be verification of the cooling regime when the cooling length is higher than 2 m. 

HeatLab developed an experimental device termed Carousel (Figure 9). A linear movement of a real product 

(in steel mill) is converted to the rotation movement. Testing device is compound of a heater, rotating arm 

holding the sample, and cooling section, which enables spraying with two different nozzle sizes (hard cooling 

and soft cooling). An experiment starts with heating of the real material sample to the initial temperature higher 

than AC3. Then this temperature is hold for required time in inert atmosphere. Afterwards the heater is opened 

and the sample is moved to the cooling position. The rotation velocity is set. Pneumatically driven deflector is 

removed and the water sprays on the sample surface. Two nozzle sizes could be used during this experiment. 

Bigger size nozzles simulating hard cooling and smaller size nozzles simulating soft cooling. Appropriate 

cooling regime is defined by simulations using boundary conditions obtained in previous phases. 

 

Figure 9 Scheme of Carousel stand 
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Figure 10 Differences between predicted and measured flow rates which are necessary to cool down the 

strip for various cooling sections (on the left) and picture of the strip after annealing [19] 

The Fives stein company designed new cooling section for heat treatment of stainless steel sheets [19]. They 

used boundary conditions (HTC dependence on the surface temperature) to size and produce its cooling 

section for stainless steel annealing. Fives Stein has made a measurements campaign on an industrial plant 

to compare laboratory measurements and plant measurements. It appeared that these measurements are in 

good agreement (Figure 10 - comparison of predicted and needed water flow rate for 6 cooling regimes). 

4. CONCLUSION 

Heat transfer and fluid flow laboratory developed methodology to safely design cooling section which fulfill 

customer requirements. The methodology is divided to three main phases. This process starts with 

measurement of nozzles impact pressure for preliminary designed cooling zones. These tests are focused on 

the cooling homogeneity for various nozzle sizes and arrangement. Several parameters are tested during 

second phase (water pressure/flow rate, spray distance, nozzle size, water temperature, nozzle configuration 

etc.) Cooling capability and homogeneity are investigated and final design of a cooling zone could be done. 

Last stage is focused on verification of the real process. The Carousel stand is used. A linear movement of 

real product (in steel mill) is converted to the rotation movement. Two cooling regimes could be simulated 

during one test - hard and soft cooling. Fives Stein built new cooling section of stainless steel sheets in plant 

mill and they did their own measurements. They were in a good agreement with laboratory measurements. 

Results included in this paper (examples) shows interesting conclusions. Impact tests showed sensitivity of 

the cooling homogeneity on spray distance and nozzle configuration. Heat transfer tests showed quite clear 

increasing heat transfer coefficient with increasing water pressure. Interesting results was found also for 

different water temperature when the Leidenfrost temperature decreases with increasing water temperature. 

Surface roughness did not influenced the cooling intensity but maximal roughness was Ra = 0.6 µm.  
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Abstract 

In recent years, great effort has been made in all branches of industries to put into practise new methods and 

procedures using numerical support for technological processes, digitization and robotization of the production 

operations. The complex of these measures is known as Industry 4.0, which aims to reduce production costs, 

while increasing the flexibility of companies. The concept of the so-called virtual factory makes possible to 

predict possible problems and problematic production points already in the design phase by means of the 

numerical modelling. A prerequisite for the proposed virtual concept functioning is necessity to master the 

individual partial solutions with the sufficient accuracy of the whole computation with the subsequent data 

sharing in case of their need in other stages of the virtual solution. With the development of the computer 

technology (both in hardware and software), there is obvious effort to use still more and more complex 

mathematical computation models that allow taking into account a higher number of input process parameters 

and thus to achieve a higher computation accuracy. The paper is focused on the issue of technological 

processes numerical modelling at thin sheets drawing. As a needed prerequisite for obtaining the result having 

required accuracy, there is the correct choice of proper deformation model and definition of boundary 

conditions, which take into account the monitored technological process. In order to define advanced 

mathematical models of thin steel sheets deformation behaviour, it is necessary to perform (beside standard 

tests as e.g. static tensile test) also tests under biaxial loading. One of the most common tests for determining 

mechanical properties under biaxial loading is the hydrostatic bulge test (HBT). In the experimental part, the 

paper evaluates the influence of loading rates on the resulting mechanical properties of tested material. The 

required strain rate is affected by the time change of pressure increase. There were used three loading rates 

with linear pressure increase and two loading rates with holding time to enable stress relaxation of tested 

material. The contact-less optical system Mercury RT was used for data acquisition and deformation analysis. 

For the selected test parameters, stress-strain curves were determined from the measured values. Based 

upon these stress-strain curves, there was subsequently evaluated influence of the strain rate on the 

deformation behaviour of tested material and stress relaxation during the tests. As a testing material was used 

deep-drawing material specified for drawing stampings in the automotive industry. 

Keywords: Stress-strain curves, contact-less deformation measurement, deep-drawing material, stress 

relaxation 

1. INTRODUCTION 

These days are for the thin sheets metal forming numerical simulations used more and more complex 

mathematical models of deformation behavior, which are able to describe the relatively complex process of 

thin sheet metal forming with sufficient accuracy. As one of the most important material parameters in the 

considered mathematical model, there is transition of the formed material to the plastic state (yield criterion) 

and subsequent change of mechanical properties due to the material strengthening. In addition to the basic 

material parameters obtained from the static tensile test, it is in the case of advanced deformation models 
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necessary to perform also other tests that take into account the deformation behavior of tested material at 

multi-axial stress states and also tests, in which the loading direction (tension-compression stress) changes.  

The paper deals with the issue of determining material parameters under bi-axial loading by hydrostatic bulge 

test (so-called hydraulic bulge test - HBT). The methodology of performing and evaluating of this test is 

sufficiently known and the obtained results are (in addition to the results from the static tensile test) generally 

considered to be the truly basic mechanical parameters of advanced computational models. The considered 

stress state within the range from uniaxial to equi-biaxial tension (1 = 2) represents all stable states of the 

formed material and also determines the limit states when measuring the forming limit curve (FLC). In the 

experimental part of this paper, the research about the influence of tested material loading rate on the relevant 

stress-strain curves during the hydrostatic bulge test is performed. As another monitored issue there is also 

stress relaxation in the material under equi-biaxial loading. The presented measurement results can be used 

both for research of thin steel sheets deformation processes and in the field of numerical simulations for reliable 

definition of advanced computational models. 

2. INFLUENCE OF LOADING RATE ON STRESS-STRAIN CURVE AT HBT 

As a tested material, there was chosen the deep-drawing material HX180BD+Z100MCO of thickness 0.7 mm. 

It is low-carbon steel that is mainly used in the automotive industry for the car-body outer panels. Basic 

mechanical properties (measured from 10 samples) of this material are summarized in Table 1, where are 

given average values x together with the standard deviation s. 

Table 1 Basic mechanical properties of tested deep-drawing material HX180BD+Z100MCO 

Rolling 
direction 

Upper yield 
strength 

Lower yield 
strength 

Ultimate 
tensile 

strength 

Uniform 
ductility 

Total 
ductility 

Plastic strain 
ratio 

ReH (MPa) ReL (MPa) Rm (MPa) Ag (%) A80mm (%) r (-) 

0° 
x 203 224 330 20.7 35.9 1.643 

s 0.64 0.55 0.35 0.42 0.37 0.016 

45° 
x 207 227 328 20.3 35.2 1.615 

s 1.39 1.67 0.18 0.47 0.58 0.028 

90° 
x 205 220 326 20.6 36.9 2.032 

s 0.84 0.98 0.23 0.24 0.84 0.052 

To determine the material stress-strain curve under biaxial loading, it was necessary to synchronously acquire 

the strain values and magnitude of pressure in the fluid (hydraulic pressure) during the test. Own deformation 

was measured by a contact-less optical system MercuryRT with a pair of synchronized cameras under 

resolution 5 MPx and scanning frequency as 30 Hz. In addition to the deformation measurement, the system 

also made possible to determine the shape and dimensions in the scanning area. Relevant value of hydraulic 

pressure was acquired at the same time with each measured image. The required precise setting of the 

magnitude and course of pressure increase in the hydraulic system was achieved by the hydraulic servo-

control with PID controller with control loop mechanism employing feedback from pressure sensor located 

directly in the area of tested sample. Under such experimental “lay-out”, achieved accuracy of the required 

pressure setting is ± 0.002 MPa. Own scheme of the test arrangement is evident from Figure 1a. To determine 

the influence of strain rate on the stress-strain curve of tested material, three linear pressure increase rates in 

the fluid were chosen, namely 0.05 MPa/s, 0.15 MPa/s and 0.3 MPa/s. The criterion for terminating the test 

was when a pressure achieved magnitude of 7 MPa. At given geometrical conditions of testing jig, such value 
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of pressure represents the limit value before the crack occurs. To determine the stress-strain curve, it was 

necessary to calculate the values of effective stress and effective strain. The magnitude of effective stress can 

be calculated from equation (1), effective strain can be subsequently expressed by equation (2). Thus, for own 

calculation, it is necessary to determine the actual values of major strain for formed sample at given time 

moment (acc. to scanning frequency), the radius of curvature and hydraulic pressure. All necessary values are 

simultaneously recorded and then evaluated by PC. The radius of curvature for given sample is calculated by 

best fit method directly in the software Mercury RT, as it is shown in Figure 1b. 

L� � L
 A M
� � M NO

� P A M
�             (1) 

Q� � √
�
� SQ
� - Q�� - Q
. Q�            (3) 

T � t�. eW#              (2) 

where: 

1  - true stress in the wall of sample (MPa) 

p - hydraulic pressure   (MPa) 

Rd - sample radius of curvature  (mm) 

t - actual thickness of sample  (mm) 

t0 - initial thickness of sample  (mm) 

 

 

a) Workplace lay-out b) Sample radius of curvature determination 

Figure 1 Principle of the hydrostatic bulge test (HBT) 

In this paper, always 6 samples were tested for the selected conditions. Stress-strain curves for the individual 

pressure increase rates are shown in Figure 2, which graphically shows the average stress-strain curves 

obtained from that 6 measurements. From the graphical expression it is evident that the pressure increase 

rate within the tested range of 0.05 MPa/s to 0.3 MPa/s has practically no effect on the stress-strain curve of 

tested material HX180BD + Z100MCO. 
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Figure 2 Stress-strain curves for the linear pressure increase rates 

3. INFLUENCE OF STRESS RELAXATION ON THE STRESS-STRAIN CURVE AT HYDRAULIC 

BULGE TEST 

In the subsequent phase of material deformation behaviour during the hydrostatic bulge test research was 

determined, whether the measured values of the stress-strain curve will change if the hydraulic pressure 

doesn´t increase linearly (as it was done in the previous case). For the tests was chosen such mode, where 

hydraulic pressure always increased after discrete values of 0.25 MPa with the holding time 10 sec on this 

value. The testing mode was adjusted in this manner with respect to the presumption about stress and strain 

relaxation in the deformed material within that holding time 10 sec at constant hydraulic pressure. In order to 

achieve the relevant experimental results, it was necessary to technically ensure a very accurate achievement 

of the required pressure magnitude with subsequent constant holding on this value. As there was already 

mentioned above, this requirement is fulfilled by using a hydraulic servo-operated valve with PID control and 

accuracy ± 0.002 MPa within the whole tested range of working pressures (up to 7 MPa). The pressure 

increase rate between the individual values was adjusted as 0.05 MPa/s. From the graph in Figure 3a is 
evident method for evaluating data to determine the stress-strain curve at a discrete pressure increase with 

holding time of 10 s. The red curve indicates such stress-strain curve constructed as connection of points after 

stress and strain relaxation for time 10 s. 

  
a) Holding time 10 s b) Holding time 60 s 

Figure 3 Stress relaxation under HBT 
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From the graph shown in Figure 3a, it can be seen that during holding time 10 s there is stress relaxation for 

all used pressures thus also stress-strain curve decreases. To investigate this phenomenon, an experiment 

was performed in which the stress change (relaxation) of tested sample under a constant pressure load of 3, 

5 and 7 MPa was monitored at holding time of 60 s for these values. Pressure increase rate to reach the 

desired value was chosen for all tested holding pressures as 0.05 MPa/s. The stress decrease of tested sample 

in the monitored time interval (60 s) is graphically illustrated in Figure 3b. From the course of stress can be 

seen that time change of stress is the most remarkable at the beginning of holding time and it decreases with 

increasing time. For the mathematical evaluation of this effect, measured values of the stress change were 

approximated by the equation (4). Final values of approximation constants for the individual pressures are 

summarized in Table 2. 

y � A,Z�H/ A C               (4) 

where: A, B, C - approximation constants 

Table 2 Results of approximation constants for relevant pressures 

Approximation constants 
Pressure 

3 MPa 5 MPa 7 MPa 

A (MPa1/s) 0.9288422 0.9332712 0.9436955 

B (s) 20.722041 26.145119 29.821812 

C (MPa) 5.4055813 6.8004922 6.1891903 

4. CONCLUSION 

The hydrostatic bulge test is one of the basic material tests used to numerically define the deformation behavior 

of materials during the deep drawing. In the specialized literature can be find enough information about the 

principle of this test and how to evaluate the measured data, along with a presentation of possible utilization 

of measurement results. However, acc. to the relevant standard, there are not given precise testing conditions, 

such as e.g. loading rate or application of holding pressures (holding times) under which stress relaxation 

occurs. In the experimental part of this paper, the effect of the pressure increases rate and stress relaxation 

on the resulting stress-strain curves of tested deep-drawing material was determined. The analysis of the 

pressure increase rate effect shows that within the range of the tested loading rates from 0.05 MPa/s to 0.3 

MPa/s, the influence of loading rate on the stress-strain curve shape is insignificant. Minor differences in the 

shape of curve are technically negligible. Nevertheless, significant effect on the resulting stress-strain curve 

can be observed in the case of stress relaxation during test at application different holding times. When there 

was used the test mode, where test was performed with 10 s holding time at relevant pressures, the stress-

strain curve decreases by about 3% compared to the results obtained with a continuous pressure increase. 

For this reason, the research was further focused on the stress relaxation and finding the course of stress time 

change during the test. From the measured experimental results it is evident that the largest stress decrease 

occurs at the beginning of holding time and own nature of such stress change (relaxation) can be well 

expressed by the exponential function. The test was also performed for holding time of 60 s, but from the result 

of this experiment it is evident that the stress relaxation occurs even after this holding time. With regard to the 

real conditions of forming technologies, when deformation processes last maximally in the order of units of 

seconds, monitoring the stress relaxation in the material for a period longer than 60 seconds is no relevant. 

Presented results can be used to increase accuracy of the mathematical models used for technological forming 

processes numerical modeling, where it is possible to apply relaxation processes of the formed material. These 

are mainly simulations of technological processes using so-called super-formable materials and hydroforming, 

where are used extremely small strain rates. 
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Abstract  

The practical aim of the following study was to develop a new roll pass design (RPD) of the channels (UPN) 

and introduce it into industrial rolling. The necessity of usage of a charge stock with a greater cross section 

has caused necessity of an application of the new rolling schedule characterized by large deformations. The 

investigations are based on an explicit-implicit co-simulation techniques applied in the ABAQUS commercial 

code. A complete production line containing all passes for forming the section including break-down, 

intermediate and finishing sequences are modelled.  The data of exit section from subsequent pass is imported 

as the entering material for the next pass. The series of the plastometric tests were performed to obtain 

characteristic data of the rolled steel, which were required for the subsequent computer calculations. The metal 

flow in the roll grooves in each stand, separation force and roll torque in each pass are also calculated. It can 

be concluded that the explicit-implicit co-simulation techniques used in the analysis are an efficient and 

accurate enough application for the roll pass design of the steel sections.  

Keywords: Roll pass design, finite element analysis, channels rolling, material tests 

1. INTRODUCTION 

The quality and productivity of hot rolled steel section strongly depends on the rolling parameters such as 

strain, strain rate, temperature, groove design and rolling sequence. The knowledge of the process parameters 

is important for the creation and optimization of the roll pass design, including the pass schedule and the 

properties of the final products [1-3]. Roll pass design for the rolling of steel sections remains an expensive 

experience based on trial-and-error process [9]. Consequently, analysis and optimization of roll-pass design 

remain important objectives [8]. Computer simulations are another common way to predict the rolling 

parameters [5]. Simulation models can be built in the earlier phase of engineering, allowing the optimization 

and evaluation of different designs [10]. Many researchers have been working in the field of grooves design 

using implicit or explicit techniques [4,7], but there is no complete analytical design for the whole chain of 

grooves for section rolling. The reason is that the dependence of the process from different variables interfering 

the results of designing the shape grooves used in the rolling process. 

Recent advances in the computer technology have enabled researchers to build more complicated and 

comprehensive numerical models to study the roll pass design problems [6]. These models often provide 

relatively quick results compared to experimental methods. Improvements in algorithm and formulation of the 

loads and boundary conditions have enabled researchers to obtain a more accurate representation of the 

phenomenon of hot rolling of the sections in the complex grooves [5-6]. Implicit or explicit solvers, each of 

them has specific advantages and disadvantages. However, from many years there is possibility of combining 

these two methods into a hybrid analysis, called co-simulation [11].  

In the paper, the implicit - explicit (co-simulation) finite element software ABAQUS was used to simulate hot 

rolling of channel using 15 passes and according to the process in Celsa Huta Ostrowiec. These passes 
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include both simple initial passes as well as complicated finishing passes. Co-simulation technique allowed 

combining heterogeneous solvers and were less time consuming in comparison to the solution when different 

load and model cases required an additional amount of time for the comunications between two different 

solvers [11]. The heat transfer is considered in each stand. The section geometry of the calculated and 

experimental results have been compared. Due to the good agreement between the numerical and the 

experimental results, the numerical simulation has been applied to predict the values of different rolling 

parameters occurred when new roll pass design was used. 

2. EXPERIMENTAL SETUP 

The finite element simulation modelling was performed with the aid of commercial code ABAQUS ver. 6.20. 

Co-simulation static implicit-dynamic explicit method was adopted for all calculations. As Abaqus code has 

both implicit and explicit solvers, with the possibility to transfer the information between them by the IMPORT 

capability, applied in both directions, from implicit to explicit and vice-versa, it has been chosen, in the present 

study, as reference code for non-linear transient analysis of the hot rolling process of the channels, Figure 1. 

A common region was defined for both implicit and explicit models, referred to as the interface regions. 

The interface regions are node sets and surfaces when coupling Abaqus-Standard to Abaqus-Explicit. 

The implicit region provides the boundary condition and loadings to the explicit region through these nodes. 

Three-dimensional, deformable and linear hexahedral (brick) element is used to model the stock. The rolls are 

non-deformable rigid bodies, all horizontal rolls have a constant circumferential speed shown in the Table 1. 

The surface between roll and stock is defined as a general contact. The Coulomb friction model is considered 

as the contact algorithm. The thermal transfer coefficient for the stock is very low and reaches values that 

range between 15  50 W/(m2∙K). The thermal flow is magnified with water cooling and the thermal transfer 

coefficient reaches values ranging between 500  4000 W/(m2∙K). The thermal transfer coefficient in the 

contact area between rolls and stock is very high and attains values of between 6000  10000 W/(m2∙K). 

Apart from the thermal flow due to convection, rolling stock heat is as well lost due to radiation.  

 

Figure 1 Explicit and implicit co-simulation (a) The complete model; (b) division of the co-simulation 
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Because of large deformations happening during the channels rolling in the shape grooves, ALE adaptive 

meshing provides mesh distortion control. The rolling process of the analysed channel includes 15 passes. 

The temperature of entering stock into pass 1 is considered to be 1,258 °C. The rolls are constrained to rotate 

only in one direction and the magnitude of rotation is based on the applied rolling technology. These data are 

used as a boundary condition in the finite element model. The velocity of the stock at the entry to the stands 

are used as initial conditions in the model, Table 1. 

Table 1 Applied process parameters in each stand 

Linear 
velocity in 

stand 

(m/s) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

UPN 
channel 

0.5 0.7 0.8 0.9 1.0 1.13 1.22 1.31 1.6 1.71 1.98 2.33 2.47 2.86 3.03 

rolls 0.7 0.8 0.9 1.0 1.13 1.22 1.31 1.6 1.71 1.98 2.33 2.47 2.86 3.03 3.5 

Figure 1a shows the geometry and discretization of channels (UPN 300) and rolls. Flow stresses for steel 

obtained from the tests for the strain rate up to 0.2 s-1 and different temperatures are presented in the Figure 2. 

From the flow stress shown in the Figure 2, a distinct effect of strain and strain rate on the value of σp can be 

observed.  

 

Figure 2 Flow stress of rolled steel (S355 grade) as deformed at strain rate rate 0.2 s-1 

The plastic flow curves of the stock were calculated based on the torsion test and grouped in sets of strain, 

strain rate and temperature, in ascending order. The following thermo-physical variables, i.e. the differential, 

linear thermal expansion coefficient, the thermal conductivity value, and true specific thermal capacity are 

integrated in the form of value pairs as a function of temperature in Abaqus solver. 

3. RESULTS OF NUMERICAL SIMULATION 

In each roll pass design of sections there are some critical parameters that are important to evaluate the validity 

of the groove design. Exit cross section in each stand, separating force between rolls, torque and power 
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consumption in each stage are the samples of main parameters for a roll pass design. With implicit-explicit co-

simulation analysis all of the above parameters can be calculated in each pass. Groove filling and the entire 

process of channels rolling is very sensitive to small variations of rolling parameters. However, the principal 

factor is to ensure right metal flow in all part of the groves. The example grooves filling in the knife grooves 

during hot rolling of the channels are presented in Figure 3 and Figure 4. As can be seen in these figures, 

right filling of the newly designed grooves by the metal is observed. 

 

Figure 3 Shape of the stock during rolling of channels in the groove No. 2: (a) distribution of equivalent 

plastic strain; (b) strip shape at the exit from the groove  

 

Figure 4 Shape of the stock during rolling of channels in the groove No. 3: (a) distribution of equivalent 

plastic strain, (b) strip shape at the exit from the groove 

For the edging deformations four different grooves in the universal stands are used. Although this solution has 

a disadvantage that the stands must be shifted sideways during the rolling process, which require extra time, 

it was still chosen because it enables the flange height and the geometry of the outside transition radius 

between the web and the flange to be optimally controlled. Second pass of pre-edging are shown in the 
Figure 5. The distribution of maximal principal stresses causes that rolling stock leaves the gap irregularly. 

The top part of the section is clearly more elongated than the bottom one, with the consequence that the 

material moves away downwards, Figure 6a. Such situation is dangerous for roll accessories and was 

changed during roll pass design. Balancing of the groove neutral line with the rolling line causes that the 

material moves away straight, Figure 6b.  

Figure 7a shows the value of roll separating forces. These forces determine the diameter of work roll because 

the level of roll separating forces cause stresses in the working rolls. As illustrated in Figure 7a, the roll 

separating force in stand 12 is increased to other stands because the restriction factor in this stand is higher 

than other passes. 

a) 

a) b) 

b) 
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Figure 5 Shape of the stock and distribution of maximal principal stresses during rolling of channels in the 

groove No. 10 

 

Figure 6 Strip shape at the exit from of the groove: a) wrong location of the rolling line, b) balance of the 

groove neutral line with the rolling line 

            

Figure 7 Calculated roll separating force in each pass (a) and cross section of UPN 300 at the exit plan of 

each passes (b) 

The most important results of each designed roll groove are geometrical dimensions at exit cross section in 

each pass. The exit cross section in each pass is affected by spread and it is necessary to control the spread 

in each groove. Moreover, the goal of the roll pass design is to meet the standard cross section at the end of 

the process. In this manner, after each pass, the cross section of product was exported and used as entering 

geometry to next pass. Figure 7b shows all cross sections of the rolled channel in the 15 passes. It is worthily 

to mention that the final cross section from last stand was exactly equal to the channel UPN 300 which is rolled 

in the real process line in Celsa Huta Ostrowiec. 

b) a) 

a) b) 
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4. CONCLUSIONS 

In the present study, hot rolling of steel channel is investigated by utilizing the three dimensional, explicit-

implicit co-simulation FEM techniques. The most important part of this research is the simulation of a whole 

production line from the initial billet to the final product, which include complicated initial and final passes in 

two-high and four-high stands. The important parameters in the roll pass design like dimensions of the grooves, 

the roll separating forces in each stand are computed. Then the metal flow inside the grooves has been 

analysed. The focus was laid as well on the bending occurrence when the channels leaving the roll gap. It was 

determined that the rolled sections have a strong bending against the roller table. These deficiencies were 

solved by modifying grooves geometry, so that a safe rolling process can be guaranteed within the requested 

tolerances. It was proved under operating conditions. To verify the accuracy of finite element simulations 

presented in this paper, obtained results have been compared with real information from the production line in 

Celsa Huta Ostrowiec. A good agreement between the results with the experimental values makes this method 

very useful to the roll pass designers, especially to design complicated roll passes. Explicit-implicit co-

simulation is a reliable technique where all rolling parameters can be computed at every stage making it a very 

useful tool in the roll pass design of sections with less time and expenses in comparison to the empirical 

methods.  
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Abstract 

The paper deal with the unconventional method of creating cavities in samples. There is also described the 

principle of system for creating experimental samples. In other parts is work focus on free-core forming of 

cavities in lead samples. Based on the idea of the experimental device was this constructed and the research 

was carried out. An important part of the experimental device is the electrical circuit, where a magnetic field 

(impulse) is created, which forms the experimental samples. With free-core forming, lead samples of square 

shape with dimensions of 35x35 mm and thickness of 7 mm were formed. The results obtained in the 

experiments show that such a molding method is suitable for several reasons. The first is the speed of the 

process. In this case it is 0.03 s. The second advantage is in terms of ease of automation using this type of 

forming.  Quite a simple solution with application of magnetic field ensures accurate, fast and high-quality 

cavity formation in metal materials. The results achieved confirm the suitability of the solution for application 

in the manufacturing process. Also, the reproducibility of the results is at a high level. Working with a free core 

is simple and reliable. The described solution complements and extends the sphere of forming  

Keywords: Forming, cavity, solenoid, free core, unconventional methods 

1. INTRODUCTION 

In this paper, the focus is targeted at the issue of magnetic forming. This area is of great ecological interest. 

Its advantage is that the forming process carried out this way does not burden the environment in any way. 

The knowledge mentioned above in text is obtained from experiments realized in laboratory conditions. The 

bibliography reference is given to recent works and these probably satisfy the interest of our reader. The paper 

aims to verify the possibility of applying a unique tool when creating a cavity into a sample using a so-called 

application of free core forming. Further benefits gained from experimental work and its results are also 

expected. 

2. IN GENERAL 

For decades, the leading technology in manufacturing technology (production) is being occupied by the forming 

technology. The main advantage of forming is the considerable savings of materials which, at the current 

pressure on the greening of production (in general and worldwide), prove to be very suitable and appropriate. 

Another advantage of forming is its relatively easy process automation. The great importance of the forming 

technology is also in the fact that it enables a significant increase in labour productivity, which is manifested in 

particular by shortening the production cycle of production and reducing labour need intensity. However, the 

application of new knowledge to the production and the exploitation of the advantages of the forming 

technologies depends on the correct design of the forming tools. It is about applying new procedures, which 

mainly consist of the use of real knowledge, which is a massive potential of stimuli. Forming, in this case, takes 

place mainly in the so-called unstable tools. By this, we mean forming tools whose construction takes into 

account the use of new solutions, where all-metal tools are not needed. 
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Nothing can be underestimated when applying the forming techniques. The way of the presented sphere itself 

belongs to the spectrum of unconventional technological processes of forming [1-11]. 

2.1. Author's publications in the field of magnetic forming 

The author has been involved in the topic of the field of magnetic forming for several years and has been 

researching and researches primarily the forming of metal sheets using the magnetic field. He also dealt with 

the possibility of forming circumferential rings on a sheet metal output. He also pointed out the forming of the 

sheet in an open magnetic field and focused on the joining pipes using a magnetic field [12-15]. 

3. DESIGN AND CONSTUCTION OF THE EXPERIMENTAL DEVICE 

There is in Figure 1 is an idea for the construction of an experimental device for carrying out experiments. 

Next, attention is paid to free core-forming while forming the cavities in lead samples. An experimental device 

was constructed and built, in which research work was carried out. 

 
Figure 1 Scheme of forming using magnetic field with free core (punch) 

3.1. Electrical circuit forming device 

An essential part of the experimental device in both the first and the second case is the electric circuit, where 

a magnetic field (impulse) is created which forms the experimental material. As we can see in Figure 2, there 

is a circuit consisting of a relay, power supply and switch used [16]. 

  

Figure 2 Scheme forming by Magnetic pulse  Figure 3 Forming scheme using 

Forming using a magnetic field, or the forces exerted while the coil application can be divided into two main 

groups: 

 forming with a free core, that is, where the core moves in a horizontal direction in the cavity of the 
solenoid and, upon contact (impact) on the formed material, its movement stops, 
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 forming with a sprung core, wherein the core is connected to the functional unit using a conical spring. 

It ensures that the core is displaced to the initial position after the forming operation has been performed. 

The paper aims to verify this method and in experimental work to achieve new knowledge and findings. These 

are then generalized to conclusions that can be used in further research in this field. Considering the behaviour 

of the free core in the cavity of the solenoid, a mathematical description of this phenomenon is given in the 

following paragraph. 

3.2. Description of the process of core movement in the solenoid’s cavity 

It is necessary to examine the movement of the core in the cavity of the solenoid since it is directly dependent 

on how the active part that is coupled to the core will move. 

Force is a derivative of energy relative to the position of the fitting. This requires expressing the change in 

inductance with position L (x). We begin by defining a coordinate system, as shown in Figure 3. 

At x = 0 the armature is entirely in the coil. At x = 1, the armature is at the inlet edge of the coil. For these two 

positions, inductance can be easily defined using the standard coil inductance approximation: 
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It may be advantageous to define l a little further out of the coil in order to avoid the armature of the edge of 

field B, thereby improving accuracy (2). However, to keep the simplicity, we will use the coil length v (2) and 

provide an alternative way to make this adjustment below. L (0) is much larger than L (l) because the relative 

permeability of the iron armature is much higher than the permeability of the free space. L (x) will vary 

monotonously between the two extremes and the exact shape of this change with position depends on the 

design and shape of the solenoid. The exact model of this variation requires the creation of a detailed spatial 

model (such as the finite element model) of a solenoid that is a magnetic field. For our purposes, all we need 

here is a reasonable approximation for a cylindrical solenoid, and now there is an exponential decomposition: 
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Depending on the need, this value has a value of L0 at x = 0 and we want to select the α parameter so that 

L(t) = L0/u: 
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An α value that is slightly less than this but greater than the unity will have the same effect as the movement l 

of the outer coil. Now the power can be deduced and expressed as: 
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In relation, it means A - area inside the solenoid (mm2), N - number of windings of the solenoid,  

I - current (A). 
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The calculation was derived from the contribution [17]. Here the author provides V=I/R, which is discussed in 

the previous text. 

4. EXPERIMENTAL PART 

The experimental work was carried out on the own device presented in Figure 4. Ten specimens were formed. 

The forming was applied with a free core, forming lead samples of square shape with dimensions of 35x35 

mm and thickness of 7 mm. 

 

Figure 4 Device for experimental free-core forming used in the reality 

4.1. Experimental results 

The results obtained in experiments with the application of a free core (punch) prove that such a method of 

forming is suitable for several reasons. The first is the speed of the process when the work itself is a period 

expressed in hundredths of seconds. In our case, it is 0.03 s. The second advantage is in terms of ease of 

automation using this forming. The analysis of the results in Table 1 shows that this is a relatively stable 

process since the difference between the maximum value of 3.44 mm and the minimum value of 2.69 mm is 

at an indentation diameter of 0.77 mm. The difference between the maximum value of 1.48 mm and the 

minimum value of 1.04 mm with the intrusion parameter is 0.44 mm. The values for this section are balanced 

and stable. Samples were measured on a Dino-Lite device. 

Table 1 Results of experiments (lead) 

Number of sample 
Diameter impress 

(mm) 
Intrusion 

(mm) 

1 2.69 1.04 

2 2.77 1.06 

3 2.94 1.32 

4 3.44 1.31 

5 3.08 1.31 

6 3.02 1.25 

7 2.83 1.40 

8 2.88 1.30 

9 2.74 1.45 

10 3.10 1.48 
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Figure 5 Graph for Table 1 

 

Figure 6 Samples after cavity formation, non-etched, magnified 10x: 1 - diameter 2.68 mm, 2 - diameter 

3.10 mm, 3 - diameter 2.88 mm, 4 - diameter 2.74 mm 

5. DISCUSSION 

Forming in the volume spectrum is possible and proves to be productive and also convenient in the formation 

of cavities and indentations, reliefs and surface treatments. The lead samples have quite suitably served as a 

model material for this area and on their basis it can be concluded that the solution is suitable for industrial 

use (Of course, when using more powerful devices). 

It is also important to mention the ecological aspect of the process. The necessary electricity supplied to the 

device may also come from an alternative source, and the workplace does not burden the environment, such 

as e.g., in the case of using a classic forming device and forming all-metal tools. 

5.1. Reached goal 

 design of the original experimental forming device and its verification under experimental conditions, 

 generating the equation of motion and determining the forming force when applying free core forming. 

6. CONCLUSION 

In this paper, we focused on the use of magnetic phenomena in metal forming technology. The objectives of 

the paper can be assessed as achieved and fully met. The original device was developed and constructed to 

ensure that cavity formation experiments were performed in the sample. This phenomenon will reliably achieve 

the desired forming effect. The laboratory experimental solution has shown the way how to apply physical 

knowledge in industrial production conveniently. 

It has been confirmed that a reasonably simple solution with the application of a magnetic field will ensure 

accurate, quick and high-quality cavity formation in metallic materials. The results achieved also confirmed the 

suitability of the mentioned solution for the application in the manufacturing process. Cavity formation is one 
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of the most critical work in the production of e.g., tools with cavities. The realization of this kind of work 

combines several advantages: speed of production, accuracy and very good final quality of cavities. Also, the 

reproducibility of the results is at a high level. The described solution complements and extends the sphere of 

forming in the area of volume forming. The published results in the text of the paper will surely be a reasonable 

basis for further research work in this area. 
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Abstract 

In order to reduce the number of process steps of steel forging processes. and thus also tool wear and process 

costs, tailored preform geometries can be produced by casting. By only one subsequent forming operation it 

is possible to improve the casting microstructure, eliminate possible defects and achieve the required 

mechanical properties. To evaluate the properties of the cast microstructure and the closure of possible casting 

defects during warm/hot forming, cylindrical steel billets (C45/1.0503) were produced by sand casting and then 

upset in a hydraulic press. Global plastic strain φ was varied between 0.3 and 0.7 while forging temperatures 

of 600 °C and 1,200 °C were applied to detect possible temperature effects. Conventional rolled bar material 

formed under the same conditions was used as a reference. After forming, the specimens were tempered and 

the mechanical properties were determined by tensile tests (ISO 6892-1) and notch impact tests (similar to 

ISO 148-1). The microstructures were examined by metallographic analysis while defects were characterised 

using an optical wide-area 3D measurement system and digital image processing. It could be observed that 

the ultimate tensile strength of the cast-forged specimens depends on the forming temperature and is about 

15 % lower in comparison to the reference material at a forming temperature of 600 °C and 5 % lower at 

1,200 °C, respectively. The impact energies show a strong dependence on plastic strain for both, the cast-

forged and reference specimens. The values of the mechanical properties of the reference specimens were 

higher than those of the cast-forged specimens. These results allow a deeper understanding of the cast-forging 

of steel and will contribute to the cast-forging design of more complex steel parts. 

Keywords: Cast-forging, steel, porosity, mechanical properties 

1. INTRODUCTION 

The use of lightweight material-efficient parts is one major strategy to reduce energy consumption and the 

carbon footprint in the automotive and transport industries [1]. To achieve this, forged high-strength 

components are used e. g. in powertrains or in suspension systems. To maximise material use and part 

performance, complex geometries are common, but demand multi-stage forging processes with increased 

flash volume and correspondingly high tool and material costs [2]. To overcome these disadvantages and to 

allow an extended design freedom, a combination of casting and forging, called cast-forging, is promising. 

Cast-forging allows for parts with increased complexity compared to forging; by this means the material 

properties of the cast preforms can be increased by defect elimination and grain refinement. Cast-forging is 

already being used for the production of aluminium parts for automotive applications, bikes or other 

transportations [3]. However, cast-forging of steel, which was first investigated in the 1980s [4], has not yet 

found industrial application. The use of specifically designed cast preforms promises an energy and material 

efficient production chain. Recent research deals with the economically viable open-die forging of large steel 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

284 

ingots and its mechanisms [5]. Nevertheless, with increasing environmental awareness and legislative efforts, 

energy and material efficient production via cast-forging might be beneficial in the future. Accordingly, a 

combined casting and precision forging process considering the evolution of microstructure and mechanical 

properties throughout the process to identify suited geometries for cast preforms is of current interest.  

Hence, the objective of this work is to investigate defect elimination and the microstructure evolution of cast 

steel cylinders during forming. In particular, insight into the required forging parameters regarding 

microstructural evolution and mechanical properties is to be gained using the example of the low-alloyed steel 

C45 (1.0503). In contrast to previous findings concerning the heat-treatable steel 42CrMo4 (1.7225) [6], lower 

plastic strain values were chosen and the anisotropy of the mechanical properties after forging was considered.  

2. EXPERIMENTAL SETUP 

In a first step, C45 steel cylinders were produced by sand casting. The cylinders had a diameter of 44 mm and 

a height of 75 mm. Numerical simulation with the software MAGMASOFT® was used to develop a casting 

model with turbulence-free melt flow and thus a defined low number of only small-sized casting defects. The 

casting model is depicted in Figure 1; it features 8-cylinder models with risers. According to the models, a 

sand casting mould was created manually. C45 rod material was melted in an induction tilt-pot furnace 

(Inductotherm). The casting temperature used for the C45 steel was 1,680 °C and the casting time was 10 s.  

 
Figure 1 Simulation model of the casting system for casting preforms made of C45. Simulated temperature 

(left) and porosity (right) directly after filling 

After casting and separation from the casting system, the cylinders were heated in a batch furnace to their 

respective forming temperature and deformed in upsetting experiments. Regarding previous results on 

cylinders of 42CrMo4 [6], the upsetting stroke was chosen to result in a plastic strain of φ = 0.3; 0.5; 0.7. 

Upsetting of the C45 cylinder was carried out at formig temperatures of 600 °C (warm forging) and 1,200 °C 

(hot forging), respectively, on a hydraulic press with a fixed punch velocity of 30 mm/s. The tools had room 

temperature and were lubricated with graphite spray (Fuchs Lubritech Con Traer G300). All upsetting 

experiments were repeated with hot rolled bar material as a reference. 

After upsetting, the cylinders were air-cooled and then cut into slices by means of a band saw and ground on 

a surface grinder to allow optical measurement. The latter was carried out with a wide-area surface scanner 

(Keyence VR 3200) to detect residual porosity. For each cylinder, two slices were prepared and analysed 

resulting in six measurements per variant. 
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The slices were then further cut into bars as preforms for mechanical testing, as displayed in Figure 2. These 

bars were similar in size and cross-section and were all commercially quenched and tempered (+QT, according 

to ISO 683-1) to eliminate the influence of the different heating regimes during upsetting. The heat treatment 

resulted in a mean Vickers hardness of 244 (± 23) HV 10. 

 
Figure 2 Schematic representation ot the specimen extraction 

For tensile testing according to ISO 6892-1, round specimens were manufactured and tested on a universal 

testing machine (Zwick/Röll Z250). In addition to the tensile tests, notched impact fracture tests were 

conducted in a way similar to ISO 148-1. Due to the dimensions of the upset cylinders, some specimens 

(φ = 0.3) had a reduced length by up to 2 mm on the unnotched backside. The load-bearing front had the full 

length. These specimens were tested with a fracture hammer (PSW 750AF). For each variant, three tensile 

and three impact fracture specimens were manufactured and tested. 

As the horizontal plane is not expected to be the weakest, five smaller specimens according to the retracted 

DIN 50115 were extracted vertically as well as horizontally from specimens upset with φ = 0.7 at 1,200 °C. 

This allowed a direct comparison of the impact energies of these otherwise more unusual geometries (see 

Figure 3).  

 

Figure 3 Comparison of the different impact fracture test specimens: ISO 148-1 (left) and DIN 50115 (right) 

After etching in a solution of 5 % HNO3, metallographic examination was carried out with a light microscope 

(Polyvar MET). The chemical composition of the cast-forged and reference specimens after mechanical testing 

was determined by optical emission spectrometry (OES), with the results given in Table 1. 

Table 1 Chemical composition in wt.% as determined by OES 

Elements C Si Mn P S Cr Mo Fe 

Cast-forged 0.40 0.16 0.62 0.01 0.04 0.08 0.01 Bal. 

Reference 0.41 0.20 0.60 0.01 0.03 0.06 0.01 Bal. 
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3. RESULTS 

The optical surface-scanning images were converted into greyscale values and divided into a grid of cells, for 

which a mean porosity value was calculated. This allowed a quantitative comparison of the scans and the 

calculation of a mean porosity distribution over all six surfaces per variant. As seen in Figure 4, low plastic 

strain and low forging temperatures result in the highest residual pore volume. The pores are concentrated 

near the top centre of the specimens. With higher deformation, the macroscopic porosity is reduced and the 

remaining defects are located in regions of low local plastic strain. In each case, the higher forming temperature 

leads to a reduced defect volume when compared to the low temperature variant.  

 
Figure 4 Mapping of the mean porosity values for each cast-forged variant 

 

Figure 5 Results of the mechanical tests, error bars indicate minimum and maximum values 
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The mechanical properties are summarised in Figure 5. The dominant factor with respect to the ultimate tensile 

strength (UTS) is the forging temperature. For both, the cast-forged and the reference material, UTS increases 

with higher forging temperatures. As expected, the influence of the plastic strain induced by forging on UTS is 

only minor. However, the impact energy of the cast-forged specimens does not seem to depend on the forging 

temperature, but increases with higher plastic strains. In contrast, the reference material shows a noticeable 

decrease in impact energy at higher forging temperatures and an increase with higher plastic strains.  

In addition to these standardised specimens, smaller fracture specimens (DIN 50115) from horizontal and 

vertical orientations of the upset specimens were tested. The results show an anisotropy of the properties of 

the cast-forged (φ = 0.7, T = 1200 °C) material with a mean impact energy of 3.3 (± 0.23) J along the horizontal 

axis and 0.9 (±0.22) J in vertical orientation. The reference specimens, which were extracted in the same way, 

show no significant anisotropy with and impact energy of 3.1 (± 0.41) J horizontally and 3.0 (± 0.40) J vertically. 

Metallographic images of the polished and etched fracture specimen microstructures are displayed in Figure 6. 

There is a distinct difference in grain size between the coarser cast-forged and the reference microstructure. 

However, an increase in plastic deformation leads to a finer microstructure and the cast-forged microstructure 

with a plastic strain of φ = 0.7 shows a grain size similar to that of the reference material after a plastic strain 

of φ = 0.3. The forming temperature seems to have little influence on the ferritic-pearlitic microstructure after 

heat treatment.  

 

Figure 6 Metallographic images of the central zone of the upset specimens (+QT) 

4. DISCUSSION 

The results obtained in the present study demonstrate that the UTS of the cast-forged C45 material after heat 

treatment is close but still inferior (5 %) to the one of the reference material. The impact energy is significantly 

lower than that of the reference for most variants. To achieve the best mechanical properties, a high forming 

temperature and high plastic strains are beneficial. The mapping of the porosity (Figure 4) supports these 

findings. The central region of the specimens, which was mechanically tested, was found to be pore-free. This 

leads to the conclusion that the outer regions will possess material properties that should be below those of 

the one worst tested variant, as the plastic strain is low in these regions and macroscopic pores do persist. In 

comparison to a previous study concerning the cast-forging of low alloyed steel 42CrMo4 [6], the present 
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results show the same general trends, with forming temperature influencing the UTS and plastic strain being 

the major factor on impact energy. In comparison, the impact energy of the cast-forged steel 42CrMo4 was 

higher than the one of the reference for all tested variants. These inexplicably high values hint at an effect of 

anisotropy due to compressed or elongated porosity [6]. In the present study, the existence of said anisotropy 

could be confirmed, as the C45 specimens showed distinct anisotropy. 

5. CONCLUSION 

Material properties close to those of the hot rolled reference material can be achieved after cast-forging of low 

alloyed and unalloyed steels. However, significant anisotropy may occur. This and the control of the plastic 

strain distribution have to be considered for the future design of cast-forging processes. Numerical simulations 

of the casting process allow predicting porous regions in the part and can serve as input for numerical forming 

simulations.  
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Abstract 

Creation of new structural materials with new unique properties of metal remains one of the urgent tasks of 

modern materials science. In practice, it is possible to improve the properties of existing structural materials 

by grinding their structure to an ultra-fine-grained state. At the moment, one of the promising ways to obtain 

an ultra-fine-grained structure is the severe plastic deformation method (SPD). Most of the currently existing 

methods of implementation of the SPD have not been used in the real industrial sector due to the existing in 

this method of deformation of the disadvantage, which is the discreteness, i.e. the inability to process products 

of relatively long length and the need for a large number of processing cycles. And this determines the 

economic inexpediency of the introduction of this method in production. To solve the problem of introduction 

of the technology of production of ultra-fine-grained materials by SPD methods, we have developed a number 

of combined technologies of deformation, allowing to obtain rods of rectangular and circular cross-section of 

ferrous and non-ferrous metals with ultra-fine-grained structure. These processes include the following 

combined methods: "rolling-ECAP", “ECAP-drawing” "screw rolling-ECAP". As a result of numerous laboratory 

studies, to study the effect of the proposed methods of deformation on the microstructure evolution of various 

structural materials and change their properties, it was proved that the combined processes "rolling-ECAP" 

and "screw rolling - ECAP" have undeniable advantages over conventional equal-channel angular pressing, 

both in terms of more intensive grinding of grain and higher mechanical characteristics of the deformable metal 

in one cycle of deformation, and in terms of the possibility of obtaining long blanks. 

Keywords: Severe plastic deformation, ultra-fine-grained materials, combined processes, microstructure 
evolution 

1. INTRODUCTION 

One of the actual problems of modern materials science is still the problem of obtaining new structural materials 

with new unique properties. At the same time, it is not necessary to obtain completely new structural materials, 

but it is enough to improve the properties of existing structural materials by grinding their structure to an ultra-

fine-grained state. One of the most promising ways to obtain ultrafine structure in ferrous and non-ferrous 

metals and alloys is the method of implementation of severe plastic deformation (SPD) during metal forming. 

The most often considered method of SPD realization at metal forming is equal-channel angular pressing 

(ECAP) [1] which for 6-10 cycles provides grinding of metal microstructure to an ultrafine state. Over the past 

decade, to reduce the required number of ECAP cycles in the production of metal with a given grain size, a 

number of matrices of various modifications have been developed to ensure the implementation of this method 

of deformation [2-13]. But all these proposed matrices for ECAP had not found application in real industrial 

sector due to the ECAP method flaws: 

1) discreteness, i.e. the impossibility of processing a large length billets; 
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2) need for a large number of processing cycles.  

It is these two main drawbacks that determine the economic inexpediency of introducing the ECAP method 

into production. 

In order to solve the still standing problem of developing an economically feasible technology for the 

introduction into production of ultrafine materials by methods of severe plastic deformation, we have developed 

a number of combined deformation processes. These include the following processes: "rolling-ECAP" [14-18] 

(Figure 1a), "screw rolling-ECAP" [19] (Figure 1b), "ECAP-drawing" [20] (Figure 1c). 

2. CONCEPT OF COMBINED PROCESSES 

The essence of the proposed combined deformation processes "rolling-ECAP", "screw rolling-ECAP"  

(Figures 1a, b) is as follows. Pre-heated to the deformation temperature (for some non-ferrous metals it is 

possible at room temperature), the workpiece is fed to the rolling rolls, which due to contact friction forces 

captured it in the rolls gap, at the exit from it is pushed through the channels of the ECAP matrix.  In this case, 

the process of pressing blanks in an equal-channel stepped matrix is realized by using the contact friction 

forces arising on the surface of the metal contact with the rotating rolls. 

 

1 - the 1st pair of rolls; 2 - ECAP matrix; 3 - workpiece; 4 - the 2nd pair of rolls;  5-conical rolls; 6 - pushing 

device; 7 - wire; 8 - drawing die; 9 - winding drum 

Figure 1 Scheme of combined processes 

In the implementation of the combined process "rolling-ECAP" when workpiece is completely out of the matrix 

channels, it is captured by the second pair of rolls, which also due to the contact friction forces capture the 

workpiece and completely pull it out of the matrix. In the implementation of the combined process "screw 
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rolling-ECAP" after the workpiece is completely out of the rolls gap, the next workpiece is fed to them, which, 

moving through the rolls and matrix, pushes the previously deformed workpiece out of the matrix. 

The combination of the rolling process (longitudinal and screw) and subsequent pressing in an ECAP matrix 

allows to realize a favorable scheme of the stress-strain state with the implementation of severe plastic 

deformation in the entire volume of the deformed metal, which creates good conditions for the formation of an 

ultra-fine-grained structure in it.  

The essence of the proposed combined deformation process "ECAP-drawing" (Figure 1c) is as follows. The 

pre-pointed end of the wire is set in an ECAP matrix, and then sequentially in the drawing die (in essence, the 

process of the metal supply does not differ from the wire supply in the drawing die during the standard drawing 

process). After the end of the workpiece comes out of the drawing die, it is fixed with gripping tongs and wound 

on the drawing mill drum. In this case, the process of stretching the workpiece through an ECAP matrix and 

drawing die is realized by applying a pulling force to the end of the workpiece. An external load is applied to 

the metal being stretched, and contact stresses occur on the metal-tool contact surface. Unlike other metal 

forming methods, during this combined process implementation the presence of contact friction forces on the 

metal-tool section, directed against the movement of the metal, is negative phenomena of the process, which 

undoubtedly implies the use of technological lubricants that reduce friction. 

3.  EXPERIMENTAL DATA 

As a result of numerous laboratory studies on the influence of the proposed deformation methods on the 

microstructure evolution of various structural materials (ferrous and non-ferrous metals and alloys) and 

changes in their properties, it was proved that the combined processes "rolling-ECAP", "screw rolling-ECAP" 

and "ECAP - drawing" have undeniable advantages over conventional ECAP, both in terms of more intensive 

grain grinding and higher mechanical characteristics of the deformed metal in one deformation cycle, and in 

terms of the possibility of obtaining long blanks [20-22]. 

In the course of one of these laboratory studies, an experiment was carried out on the deformation of blanks 

made of technical pure copper M1 with dimensions of 15×25×450 mm (the blanks were subjected to annealing 

before deformation) on the installation implementing the combined process "rolling-ECAP". The aim of the 

experiment was to study the effect of a new combined process of plastic deformation "rolling-ECAP" on the 

structure and mechanical properties of copper and to identify the advantages of the proposed technology 

compared to the current technology of equal-channel angular pressing in a stepped matrix. 

It was decided to conduct three cycles of deformation, which was justified by the presence of three sets of 

equal-channel stepped matrix with the following geometric parameters: the angle of the junction of the 

channels was 140 degrees, the channel width was equal to 40 mm, and the height of the channels was 13, 8 

and 6 mm, respectively. 

The scheme of deformation according to the proposed technology was as follows: 

 1st pass: the workpiece with height of 15 mm rolled 3 mm in the first pair of rolls, passed through the 

matrix with a channel height of 13 mm and then rolled 3 mm in the second pair of rolls; 

 2nd pass: the workpiece with height of 10 mm rolled 3 mm in the first pair of rolls, passed through the 
matrix with a channel height of 8 mm and then rolled 1 mm in the second pair of rolls; 

 3rd pass: the workpiece with height of 7 mm rolled 2 mm in the first pair of rolls, passed through the 

matrix with a channel height of 6 mm and then rolled 1 mm in the second pair of rolls. 

To identify the advantages of the proposed technology in comparison with the current technology of equal-

channel angular pressing in a stepped matrix, three cycles of ECAP deformation of billets with dimensions of 

13×25×150 mm from M1 annealed technical copper were carried out. As a deforming tool, an equal-channel 

stepped matrix with a channel height of 13 mm for the first pass was used. 
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After each deformation cycle, templates were prepared to study the mechanical properties and microstructure 

of M1 technical copper. The microstructure of the prepared samples was studied using optical and 

transmission electron microscopes.  

Samples for the mechanical properties study were made as standard tensile samples, according to GOST 

11701-84 "Methods of tensile testing of thin sheets and tapes". The study of mechanical characteristics was 

carried out on the INSTRON torsion-bursting machine.  

For the preparation of samples for transmission microscopy the high-precision cutting machine AccuTom-5 

was used, which cut off the plate thickness of 0.3 mm. Then, using a special punch the discs with a diameter 

of 3 mm were knocked out. Etching of the prepared discs was made in automatic mode on the electro-polishing 

unit TenuPol in D2 proprietary electrolyte until the hole in the sample, after which the process automatically 

stopped. The selected samples were studied on a transmission electron microscope Jeol JEM-2100 under an 

accelerating voltage of 300 kV.  

4.  RESULS AND DISCUSSION 

The results of the microstructure study of M1 copper alloy before and after deformation by the proposed 

technologies are presented in Figure 2. 

    

                  a)      b)    c) 

a - initial structure; b - after ECAP; c - after combined process “rolling-ECAP” 

Figure 2 Microstructure of M1 alloy after 3 deformation cycles 

The results of mechanical studies are presented in Table 1. Strength characteristics of copper are represented 

by values of yield strength, tensile strength and microhardness; plastic characteristics are represented by 

values of relative contraction and elongation of samples before fracture. 

Table 1 Results of mechanical tests of samples 

Technology Tensile strength, MPa Yield strength, MPa Elongation, % Contraction, % HV 

Annealed state 235 198 25.0 57.0 104 

ECAP 465 386 14.0 37.0 229 

Rolling-ECAP 482 405 17.0 50.0 236 

Metallographic analysis of copper billets revealed that in the initial annealed state copper has a fairly coarse-

grained structure with a large presence of twins and an average grain size of 90 microns (Figure 2a). Also, 

the analysis showed that after the first cycle of deformation, the structure of copper is strongly crushed to 40 

µm after ECAP and up to 35 µm after the combined process "rolling-ECAP". In cross-section, the 

microstructure is quite uniform, it is dominated by approximately equiaxial grains. In the longitudinal section of 
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the workpiece there is a small elongation of the grains. This distinct difference in grain shapes in the 

longitudinal and transverse directions is explained by the action of two types of deformation (ECAP and rolling), 

which have different schemes of stress-strain state. There is a decrease in the boundary distances in the 

longitudinal and cross sections at the rolling stage. This decrease is due to the geometric effect of deformation 

- the compression of the initial grains. The formation of new boundaries during rolling practically does not 

occur, all fragmentation of the structure occurs in an equal-channel step matrix under shear deformations due 

to twinning. 

After the second deformation cycle, the copper structure is reduced to 20 µm after ECAP and 14 µm after the 

combined process. Two types of grains were found in the structure of copper: small recrystallized and 

deformed. This structure is caused by two processes: recrystallization during rolling and fragmentation in an 

equal-channel step matrix. 

After the third cycle, the structure of copper is reduced to 5 microns after ECAP (Figure 2b) and 2 µm after 

the combined process (Figure 2c). The structure shows a significant increase in the proportion of large-angle 

boundaries due to more active processes of dynamic return and recrystallization. This is due to the fact that 

as the grain decreases, the temperature of the beginning of recrystallization decreases. The grain boundaries 

become more clear. In cross-section, the microstructure is uniform, with equiaxed grains. In the longitudinal 

section of the workpiece grain have an elongated shape, which is a consequence of the two stages of rolling 

in each pass. 

After analyzing Table 1, it can be concluded that the strength properties of copper in both deformation 

processes were increased, which corresponds to the Hall-Petch equation, and the plastic properties were 

reduced. Thus, the yield strength for three cycles of deformation increased by 2.04 times, which is 10 % more 

than at ECAP; tensile strength increased by 2.05 times, which is 7 % more than at ECAP, and elongation 

decreased by 44 %, which is 12 % less than at ECAP. 

5.  CONCLUSION 

The implementation and bringing to industrial use of the proposed combined processes "rolling-ECAP", "screw 

rolling - ECAP" will allow to obtain high-quality rod of rectangular and round cross-section, or high-quality wire, 

in the case of implementing the combined process "ECAP-drawing". The economic and energy efficiency of 

the proposed deformation technologies in comparison with the traditional ECAP technology is to reduce the 

number of deformation cycles necessary to obtain a uniform ultra-fine grained structure and a larger specific 

volume of material produced in one processing cycle by ensuring the continuity of the process, which is 

subjected to numerous studies, given in the works [18-20]. This allows to talk about the advantages of the 

proposed combined deformation processes and prospects for their commercial application. 
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Abstract    

The paper presents the study results of microstructure, phase composition, microhardness and wear 

resistance of Vanadis-6 tool steel after diffusion boriding and laser processing. In this study the diode laser 

device was used. As a result of diffusion boriding the obtained surface layers were characterized by needle-

like microstructure with good cohesion with the substrate but in the subsurface area delamination and porosity 

could be observed. Therefore the diffusion boronized layer was processed using laser heat treatment. As a 

result of influence of the laser beam, three zones were obtained. The remelted zone near the surface, next the 

heat affected zone and finally steel substrate were observed. The newly created microstructure in the remelted 

zone consisted of boron-martensite eutectic. Microhardness of boronized layer after laser processing in 

comparison to the one without laser processing was slightly lower and was approx. from 1300 HV0.1 to 1100 

HV0.1. It was found that additional advantage of laser processing of boronized layers was the presence of 

heat affected zone. This led to obtaining a mild microhardness gradient between the surface and the substrate. 

The boronized layer after laser processing was characterized by higher wear resistance in comparison to one 

not subjected to this kind of processing.  

Keywords: Boronized layer, laser remelting, microstructure, microhardness, wear resistance 

1. INTRODUCTION 

The diffusion boronizing is a method of thermo-chemical treatment, which improves the properties of surface 

layers [1]. As a result of this process, boronized layer composed of needle-like microstructure of FeB and Fe2B 

iron borides can be obtained. The FeB iron boride is characterized by a high microhardness approx. 1800 

HV0.1, but in area of its occurrence brittleness may appear. As a result, it leads to microcracks or peeling of 

layer. Despite this defect, boronized layer has many advantages such as high hardness, good corrosion 

resistance in a number acid solutions as well as good wear resistance [1-5]. The brittleness in subsurface zone 

in boronized layer is the reason for the search for new methods of its modification. One such method is 

preparing a layer composed of only Fe2B phase characterized by lower microhardness of about 1600-1400HV. 

In recent times the boronized layers may be modified using diffusion [6], galvanic [7] and laser [8-10] 

processing. The last type of modification seems to be particularly interesting. Laser processing of surface 
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layers produced on steel is rapid and precise. After laser modification the boronized layers obtain a new 

microstructure and properties. Undoubtedly, the laser processing has a positive influence on decreasing 

brittleness of layers. Additionally a reduction in microhardness gradient between surface and substrate can be 

obtained. 

In this paper Vanadis-6 tool steel with boronized layer was laser processed using diode laser beam. The aim 
of this study was to determine the influence of laser processing parameters on the microstructure, 
microhardness and wear resistance of boronized layers. 

2. METHODOLOGY OF RESEARCH 

Experiments were carried out on Vanadis-6 powder metallurgical tool steel specimens and its chemical 

composition is shown in Table 1. 

Table 1 Chemical composition of Vanadis-6 steel (%wt.) 

C Si Mn Cr Mo V Fe 

2.09 0.98 0.38 6.64 1.48 5.45 82.98 

The production process of new surface layer is composed of several steps. In the first step, diffusion boronizing 

at temperature of 1030 °C for 75 minutes was carried out using Durborid® mixture. Next austenitizing at 

1025 °C, followed by quenching using a nitrogen gas and double tempering at 530°C for 2 h were conducted. 

Experimental setup for diffusion boronizing process is presented in Figure 1a. In the final step the diffusion 

boronized layers were laser processed. For laser processing the TRUDIODE 3006 diode laser with a nominal 

power of 3 kW was used. The laser device was integrated with the KUKA robotic arm. The scheme of the test 

stand as well as the model of laser processed surface layer are shown in Figure 1b. The parameters of laser 

processing were as follows: laser beam power densities (q): 38 kW/cm2, 64 kW/cm2, 127 kW/cm2, scanning 

rate of laser beam v = 3 m/min and laser tracks overlapping - 50 %.  

 

Figure 1 View of specimens preparation methodology for diffusion boronizing process (a) and scheme laser 

processing test stand with model of laser processed boronized surface layer (b) 

Microstructure observations were carried out using Huvitz HRM-300 light microscope and JEOL JSM-7600F 

scanning electron microscope. The cross-sections of specimens were ground using abrasive papers, next 

were polished using Al2O3 and finally etched by COR reagent (HCl + CH3COOH + C6H3N3O7 + ethanol). The 

phase analysis of all tested surface layers was performed using EMPYREAN PANalytical X-Ray diffractometer 

with CoKα radiation. To determine microhardness profiles, an FM-810 Vickers microhardness tester from 

Future-Tech equipped with FT-Zero automatic indentation measuring software was used. Indentation load of 

100 G (HV0.1) and the loading time of 15 seconds were applied in these studies. Tribological properties of 

boronized layers before and after laser processing were measured using the CSM pin-on-disc tribometer at 

ambient temperature. Balls of 6 mm diameter, made from sintered alumina were used for these tests. During 

wear tests no external lubricant was applied, and the load was 5 N. The total sliding distance was 100 m. The 
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wear rate was calculated from the width of the track by using the formula according to ASTM G 99-95a 

standard. In the wear volume calculations, the radius of pin point and depth of penetration were taken into 

account, whereas in the sliding distance calculation, the wear circle radius was included. 

3. RESULTS AND DISCUSSION 

Microstructure of boronized layer on Vandadis-6 steel after conventional heat treatment is shown in Figure 2. 

Diffusion boronized layer has a characteristic needle-like microstructure, which is continuous, uniform and 

oriented perpendicularly to the surface with good cohesion with the substrate. But in the subsurface zone of 

layer a little delamination and porosity could be observed. In microstructure of Vanadis-6 steel substrate, the 

chromium and vanadium carbides which are evenly distributed in martensite are visible. Smaller, vanadium 

carbides and larger chromium carbides are detected [8]. The thickness of needle-like microstructure of 

boronized layer was about 60 μm. It must be stated that that thickness of boronized layer produced on Vanadis-

6 steel is less than the thickness of layer produced on low carbon steels. Also the shape of needles is different, 

without sharp ends of needles as on low carbon steel. This phenomenon is related to a decreased boron 

diffusion rate during boronizing process as a result of the high carbon content. 

 
Figure 2 Microstructure of Vanadis-6 steel after diffusion boriding and conventional heat treatment 

In Figures 3a-3f the microstructures of Vanadis-6 steel with boronized layer after laser processsing are 

presented. In the microstructure two characteristic zones can be distinguished: remelted zone (MZ) and heat 

affected zone (HAZ). The remelted zone is composed of boron-martensite eutectic, while in the heat affected 

zone, fine carbides in the background of fine-grained martensite were visible. Below these two zones the 

microstructure of substrate, which does not exhibit changes compared with specimens before laser processing 

is visible. As a result of laser processing, the microstructure of boronized layer is changed which may affect 

the increase of ductility of newly formed layer. Figures 3b, 3d, 3f show the magnification of the central area 

of the remelted zone from Figures 3a, 3c and 3e respectively. The influence of laser beam power density at 

constant scanning laser beam rate on laser track dimensions and microstructure in remelted zone was 

analyzed. It could be concluded that when laser beam scanning rate was constant but laser beam power 

density was variable, then increasing laser beam power induces creation of larger laser tracks (Figures 3a, 

3c, 3e). Laser processing contributes to intensive mixing of the preformed boronized layer with the substrate 

material. But, using too low power laser beam results in complete remelting of boronized layer on the border 

of laser tracks. This is because the remelted zone has a depth of approx. 30 µm whereas the boronized layer 

has approx. 50 µm (Figure 3e). Figure 3b presents the microstructure of the central part the remelted zone 

from Figure 3a at high magnification. Boron eutectic along with alloy martensite are visible. Figure 3d presents 

the microstructure of the remelted zone from Figure 3c, where boron eutectic with martensite can be seen, 

but with a higher proportion of eutectic. The highest content of boron eutectic with martensite can be seen in 

Figure 3f. Therefore, depending on the parameters used, the remelted zone with hypoeutectic structure (α-
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phase + eutectic) in Figure 3b, hypereutectic microstructure (eutectic + iron boride and carbides) in Figure 3f 

and purely eutectic microstructure in Figure 3d may be identified. Boron-martensite eutectic in remelted zone 

can take different shapes i.e. branched, round, prismatic, or angular which was also confirmed by Safonov 

[10]. In microstructure of remelted zone various shades can be seen after etching. It is related to the changes 

of chemical composition in microstructure, due to fluctuation of melted material. Clear transition area between 

remelted zone, a heat affected zone and the substrate is also visible. The boronized layers before and after 

laser processing were analyzed using XRD method, and the results showed that the remelted region or layer 

was composed of iron borides and martensite. In the diffusion boronized layer, FeB and Fe2B phases are 

present which was also confirmed in papers [5,8]. Phase composition results are shown in Figure 4. After 

laser processing of boronized layers, equilibrium iron boride phases FeB and Fe2B, non-equilibrium and 

probably meta-stable iron-carbon-boride phase (B0.7Fe3C0.3) as well as Feα iron phase were identified. Similar 

phases were presented by Safonov in paper [10] where the steel substrate was covered with a paste of 

amorphous boron, and next laser processing was conducted.  

 
Figure 3 Microstructure of boronized layers after laser processing; laser tracks left column, magnified area of 

laser track - right column; q = 127 kW/cm2 (a, b), q = 64 kW/cm2 (c, d), q =38 kW/cm2 (e, f) 

Microhardness of boronized layer produced on VANADIS 6 steel was between 1800 and 1400 HV and is 

presented in Figure 5a. Figures 5b-5d show the microhardness of borided layers after laser processing, and 

the depths of remelted zone and HAZ are marked on the graphs. It may be noted that the laser processing 

parameters have an influence on microstructure and consequently on the microhardness of laser tracks. 

Figure 5b shows the microhardness of boronized layer after laser processing using the highest laser beam 
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power density (its microstructure is presented in Figure 3a). The microhardness was approx. 1100 HV. 

However, decreased laser beam power density affects the increase in microhardness in the remelted zone to 

about 1300 HV. In all the analyzed specimens, microhardness profiles gradually decrease from remelted zone 

through heat affected zone to the substrate. Microhardness in HAZ oscillates within the range of 900-800 HV, 

and then decreases to the value of approx. 700HV in the substrate. It can be seen that the microstructure of 

the formed eutectic has an influence on microhardness. Therefore a specimen with hypereutectic 

microstructure had higher microhardness (Figure 3f and Figure 5d). It can be found that due to laser 

processing the microhardness of new layers was lower than in diffusion boronized layers but much thicker 

(even 2 to 6 times). This depends on laser processing parameters. 

   

Figure 4 XRD spectrum of boronized layers after laser processing; q = 127 kW/cm2 (a), q = 64 kW/cm2 (b), q 

= 38 kW/cm2 (c) 

 

Figure 5 Microhardness profiles of Vanadis-6 steel with boronized layers: after diffusion process (a) and 

after laser processing using: q = 127 kW/cm2 (b), q = 64 kW/cm2 (c), q = 38 kW/cm2 (d) 
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The results of wear resistance tests of boronized layer before and after laser processing conducted using pin-

on-disc method are presented in Table 2. Boronized layer with the highest microhardness and characterized 

by hypereutectic microstructure was selected for testing. The received friction coefficient measured for 

diffusion boronized layer was slightly lower than what was achieved in the case of laser remelted boronized 

layer. 

Table 2 Wear resistance results obtained using pin-on-disc method 

Specimens 
Values of friction 

coefficient 
Widths of wear tracks 

(mm) 
Wear rate 

(m2/N) 

boronized layer 0.562 0.176 5.9010-10 

boronized layer after laser processing 0.626 0.202 5.5810-10 

From the measurements of the width of wear tracks it is shown that the wear rate of laser processed specimen 

is slightly better than for diffusion boronized layer. Slightly lower wear rate is related to thicker layer after laser 

processing which generally had a lower microhardness than that diffusion boronized layer. 

4. CONCLUSION  

The conclusions are as follows:  

 Laser processing of boronized layer reduces microhardness gradient on cross-section from the surface 

to the substrate in comparison to diffusion boronized layer. It is associated with the presence of heat 

affected zone; 

 Laser processing contributes to reducing the microhardness from approx. from 1700 HV0.1 to 1400 
HV0.1 (for diffusion boronized layer) to approx. from 1300 HV0.1 to 1100 HV0.1 (for laser processed 

boronized layer); 

 After laser processing, in microstructure of boronized layer, Fe2B, Fe3B0.7C0.3 and Feα phases were 

detected; 

 Wear resistance tests using pin-on-disc method did not show significant improvement of the wear 
resistance of laser processed boronized layer in comparison to the diffusion boronized layer.  
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Abstract 

The article is focused on the process of severe plastic deformation (SPD). New method using the SPD principle 

(DRECE) is described in the article. New method using the severe plastic deformation (DRECE) is particularly 

suitable for forming metal materials. Materials produced by this technology are characterized by increasing 

mechanical properties while maintaining sufficient ductility of the materials. In the practical part of the work, 

experiments were carried out on DC01 steel using the DRECE method. Sheet metal strips were formed through 

one to seven passes by DRECE method. The thickness of the formed strips was 2 mm, the strips width was 

59 mm and the strips length were 1000 mm. The dimensions of the sheet metal strips were limited only by the 

design of the forming device using the method severe plastic deformation (DRECE). The experiment was 

performed on a forming tool with angle in the deformation material zone 108°. The experiment was 

demonstrated on all sheet metal strips under the same forming conditions. The aim of the experiments was to 

verify the influence of the number of passes by the forming device on the achieved mechanical properties of 

the steel. The final part of the article describes the achieved mechanical properties of the sheet metal strip 

after forming by the DRECE method. 

Keywords: Severe plastic deformation, DRECE, forming, sheet metal strips, mechanical properties 

INTRODUCTION 

Severe plastic deformations are able to utilize ultra-fine-grained structures (UFG structures) and the principal 

mechanisms of properties of moulded materials by inserting severe plastic deformations into the moulded 

material. [1-3] Forming processes using severe plastic deformation of material (severe plastic deformation - 

SPD) cause changes in microstructure, mechanical properties and granularity of formed materials. By 

modelling the evolution of material. The microstructure pattern is determined in two steps. In the first step the 

deformation of the material at selected points of the material is monitored, these points are created using 

standard deformation meshes. In this step, curing values are possible materials at each measuring point 

relatively easy to determine the size of the inserted deformation into the material. In the second step, 

micromechanical models of plasticity are applied and the microstructure development is analyzed together 

with the deformation trajectory using points defined in the first step. [4] 

1.  EXPERIMENT BY DRECE 

The experiment was performed on a forming machine that uses the DRECE severe plastic deformation 

process. The DRECE method belongs to a promising group of technologies using severe plastic deformations. 

The DRECE method is particularly suitable for forming metal materials. This method reduces the grain size of 

the materials to values of 10 μm and lower, depending on the material to be tested. Materials formed by this 
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technology are characterized by an increase in mechanical properties. The DRECE method is based on the 

extruding of metal sheet with a forming tool which produces a forming angle of 108 ° or 113 ° in the material 

deformation zone. [5] The device using DRECE is shown in Figure 1. 

 

Figure 1 Method DRECE 

The DC01 steel strips were extruded by a forming device using the DRECE severe plastic deformation method. 

The strips were extruded severe times through one to seven passes through the device. The experiment was 

performed on a forming tool that creates an angle in the material deformation zone of 108°. The experiment 

was performed on all strips under the same forming conditions. The pressure of the pressure rollers is exerted 

by means of hydraulic pistons and the equipment of the forming device enables its relatively precise regulation. 

Due to the maximum efficiency of extrusion of individual strips of sheets, the maximum speed of extrusion of 

strips (20 mm s-1) was set on the forming machine for all passes.  

2.  CHARACTERISTICS OF VERIFIED STEEL 

In this work, an experiment was carried out on DC01 steel. This steel is designed for bending, cold flashing or 

molding production. The chemical composition of the steel was determined by optical emission spectroscopy 
GDOES. The chemical composition of DC01 steel is shown in Table 1. 
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Table 1 Chemical composition of steel DC01 

C 

(%) 

Mn 

(%) 

Si 

(%) 

P 

(%) 

S 

(%) 

Cr 

(%) 

Ni 

(%) 

Mo 

(%) 

Cu 

(%) 

0.050 0.203 0.020 0.014 0.008 0.053 0.056 0.005 0.075 

Ti 

(%) 

Co 

(%) 

B 

(%) 

Pb 

(%) 

V 

(%) 

W 

(%) 

Al 

(%) 

Nb 

(%) 

<0.001 0.002 <0.001 <0.001 <0.001 <0.001 0.050 <0.001 

The Table 2 shows the mechanical properties of DC01 steel guaranteed by the seller of this steel. 

Table 2 Mechanical properties of DC01 steel [6] 

Steel designation 
Mechanical properties 

Rp0.2 (MPa) Rm (MPa) A80 (%) 

DC01 280 270 - 410 28 

The experiments were carried out on eight strips of DC01 steel sheet. The thickness of the formed strips is 2 

mm, the width of the strips is 59 mm and the length of the strips is 1000 mm. The dimensions of the belts are 

limited only by the design of the forming machine. By designing the forming equipment, the DRECE method 

could be used in a wider range of belt dimensions. 

3. MECHANICAL PROPERTIES 

Tensile tests on the DC01 steel strip were performed according to the standard ČSN EN ISO 6892-1 (420310) 

in the Laboratory of Mechanical Properties of VÚHŽ a. s. Dobrá. The required result of the tensile tests was to 

determine the resulting mechanical properties of the formed sheets in the initial state and after individual 

passes through the DRECE forming device. In Table 3. the mechanical properties obtained by performing 

tensile tests on individual passes are given.   

Table 3 Mechanical properties of steel DC01 

 Mechanical properties  

Number of passes 
Fp0.2  

(N) 

Fm  

(N) 

Rp0.2  

(MPa) 

Rm  

(MPa) 

A80  

(%) 

0 (VS) 22 300 36 500 197 323 66.0 

1 32 000 38 000 299 355 40.5 

2 33 000 40 500 308 379 29.5 

3 35 000 43 000 327 402 27.0 

4 35 000 44 000 327 411 22.9 

5 39 500 49 000 369 458 21.9 

6 36 000 39 000 337 365 20.5 

7 38 000 46 500 355 435 19.4 

Based on the measured values of mechanical properties steel DC01 shown in Table 3. Figure 2, Figure 3 

and Figure 4 were constructed expressing the dependence of mechanical properties on the number of passes 

of the formed sheet metal sheet through the DRECE forming equipment. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

305 

 

Figure 2 The dependence of Rp0.2 DC01 on the number of passes 

Figure 2 shows the increase yield strength (Rp0.2) of DC01 steel after each pass through the DRECE forming 

machine. The most significant increase in the yield strength occurs after the first pass through the forming 

device. Yield strength (Rp0.2) is increased by 102 MPa (51.8 %) after the 1st pass compared to the initial state 

of steel. The following passages also shows an increase in Rp0.2 but not as marked as after the first pass. The 

maximum value of yield strength (Rp0.2) was reached after the 5th passage of steel through the forming 

machine. After the 5th passage through the forming apparatus, the greatest increase in Rm compared with the 

initial state was an increase of 172 MPa (87 %). 

 

Figure 3 The dependence of Rm DC01 on the number of passes 

Figure 3 confirms the theoretically expected increase tensile strength (Rm) of DC01 steel after individual 

passes through the DRECE forming method. The Figure 3 shows the increase in the strength limit up to the 

197

299 308
327 327

369

337
355

0

50

100

150

200

250

300

350

400

0 1 2 3 4 5 6 7

R
p

0
.2

(M
p

a)

Number of passes

Rp0.2 of steel DC01

323
355

379
402 411

458

365

435

0

50

100

150

200

250

300

350

400

450

500

0 1 2 3 4 5 6 7

R
m

(M
P

a)

Number of passes

Rm of steel DC01



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

306 

5th pass, when its maximum was reached. There was a decrease in Rm after the 6th pass, and after the 7th 

pass there is an apparent increase in tensile strength (Rm). The most significant increase of tensile strength 

(Rm) occurs after the first pass through the forming machine, when was found an increase in Rm of 32 MPa 

(9.9 %) compared to the initial state of the tested steel. After the 5th passage through the forming apparatus, 

the greatest increase in tensile strength (Rm) compared with the initial state was an increase of 135 MPa 

(42 %). 

 

Figure 4 The dependence of A 80 steel DC01 on the number of passes 

DC01 steel is primarily intended for cold drawing and cold forming, which confirms the ductility (A80) value of 

this steel in its initial state. Figure 4 clearly shows that ductility (A80) decline after 1st pass compared to 

baseline by 25.5 %. Despite the negative drop, A80 reaches a very high value after the first pass, which makes 

the steel very ductile. In the following passes, the ductility (A80) of this steel continuously decreases.  

Figure 4 shows that for example, the DCEC steel forming of DC01 reduces the ductility (A80) of the steel, but 

the resulting steel ductility allows it to be used for subsequent forming operations even after the 7th DRECE 

pass. 

CONCLUSION 

Based on the evaluation of experimentally achieved results it was proved that the DRECE method is a method 

suitable for increasing the mechanical self-steel DC01. Experiments have shown that it is sufficient to perform 

1 to 2 passes through a forming tool to achieve a significant increase in mechanical properties. The above 

knowledge is very important for future use of the DRECE method in industrial practice - because the number 

of passes of sheet metal through the forming device necessary to achieve the required strength and forming 

properties reduces production costs and thus increases overall production efficiency. 
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Abstract        

A hot flow curve approximation performed via flow stress models as well as artificial neural networks requires 

precisely estimated constants. This estimation is in the case of highly-nonlinear issues often solved via gradient 

optimization algorithms. Nevertheless, by natural processes or physical laws inspired approaches 

(metaheuristic algorithms) are also of high interest. In the submitted manuscript, three selected metaheuristic 

algorithms were compared under the approximation of an experimental hot flow curve dataset via the well-

known Hensel-Spittel relationship. One often used gradient algorithm was also included into this comparison. 

Results have showed that the metaheuristic algorithms are useful if such complex approximation model is 

applied and no estimate of material constants from a previous approximation issue is used. On the other hand, 

if this estimation exists, the gradient algorithms should provide a better solution.  

Keywords: Hot-flow-curve approximation, genetic algorithm, artificial bee colony, fish swarm algorithm 

1. INTRODUCTION 

Since the last century, approximation of experimentally obtained sets of hot flow curves has been being 

realized via variously designed equations (flow stress models) - see e.g. overview in [1]. In the last years, 

however, so-called artificial neural network (ANN) approach [2] is gradually taking place instead of these 

models because of higher approximation performance. In addition, combination of the classical flow stress 

models with ANN approach is also studied [3]. Nevertheless, each mentioned method requires determination 

of approximation-model constants (synaptic weights and biases in the ANN terminology). It is clear that proper 

estimation of these constants plays a key role at achieving of high approximation accuracy. However, the ANN 

approach and some flow stress models represent a highly-nonlinear curve-fitting issues (practically without the 

possibility of rearrangement to linear form) which cannot be analytically solved by the Legendre’s linear least 

squares method [4]. It is therefore understandable that these approximation issues are practically solvable 

with the use of numerical (iterative) techniques. For instance, gradient algorithms, e.g. Cauchy’s gradient 

descent (GD) [5], Gauss-Newton (GN) [6] and especially Levenberg-Marquardt (LM) [7,8] are by years proven 

and often used tools for the solving of nonlinear least squares problems. Nonetheless, besides of the 

mentioned gradient techniques, a promising alternative enabling to find an optimal solution has been being 

gradually developed since the mid-twentieth century - so-called metaheuristic algorithms are inspired by 

natural processes or physical laws [9]. These algorithms are advantageous because of their high robustness 

and the fact that an optimal solution can be found even despite of very rough initial estimation of approximation-

model constants. A large group of metaheuristic algorithms is represented by so-called population-based 

algorithms. This group namely includes e.g. Genetic Algorithm (GA), Fish Swarm Algorithm (FSA), Cat Swarm 

Optimization (CSO), Grey Wolf Optimization (GWO), Whale Optimization Algorithm (WOA) or Artificial Bee 

Colony (ABC) and others - see overview in [9,10]. 
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In the submitted manuscript, three representatives of the metaheuristic algorithms (GA, ABC and FSA) are 

compared with respect to the approximation accuracy of the well-known Hensel-Spittel relationship. In addition, 

the obtained results are subsequently compared with the commonly used gradient algorithm, namely 

Levenberg-Marquardt. The aim of this research is to compare the accuracy of proposed optimization 

algorithms and suitability of their use with respect to the hot flow curve approximation.  

The research is performed on the experimental hot flow curve dataset of the chromium-molybdenum steel. 

This dataset has been obtained by means of the uniaxial hot compression tests on the Gleeble 3800. The 

approximation procedure has been performed for the experimental curves under the following 

thermomechanical conditions: deformation temperatures (1223 K, 1373 K and 1523 K), strain rates (0.1 s−1, 

1 s−1, 10 s−1 and 100 s−1) and the true height strain up to 1.0. 

2. CHARACTERIZATION OF THE CURRENT APPROXIMATION ISSUE 

The Hensel-Spittel (HS) relationship belongs among often-used equations which are intended to approximate 

an experimentally obtained hot flow curve dataset. The mathematical expression of the HS relationship used 

in this research is given by equation (1) [11]: 

L,\]/ � 
̂ ⋅ �`" ⋅ exp c`#
> d ⋅ ,1 - �/`e⋅f ⋅ exp,^� ⋅ �/ ⋅ exp,^� ⋅ g/ ⋅ g`h ⋅ �i`j ⋅ �i`k⋅f (1) 

In equation (1), σ(HS) (MPa) represents the calculated flow stress level and ε (-) is the corresponding true 

strain value. The symbols of T and ε̇ denote the deformation temperature (K) and strain rate (s−1), respectively. 

Model constants which have to be determined are then denoted as p1 - p9. 

In the present research, optimization procedure (i.e. searching for optimal values of p1 - p9) was being realized 

with respect to the minimization of MSE (Mean Squared Error [12]) performance function: 

min` MSE � 

� ⋅ ∑ qL,\]/� A L,g/�r���	
  (2) 

In equation (2), σ(HS)i (MPa) represents an i-th value of the HS-model output (equation (1)) and σ(T)i (MPa) 

is a corresponding target (experimental) value. Note, the i = [1, n] ⊂ ℕ, where n is the number of datapoints of 

the examined flow curve dataset. 

3. METAHEURISTIC SEARCHING FOR OPTIMAL VALUES OF MODEL CONSTANTS 

The utilized metaheuristic optimization algorithms are schematically outlined in the Figure 1. The left side of 

the diagram shows mutual features of all metaheuristic algorithms. As the very first step, initial set of various 

solutions (vectors of model constants) is generated. This step is mostly performed pseudo-randomly. 

Nevertheless, solution from a previous approximation task can also be used, which can improve a convergence 

speed. As the second step, the produced solutions are evaluated with respect to the performance function - 

equation (2) in this research. After this step, the predefined algorithm-terminating criteria are checked (e.g. 

minimum of performance function, number of iterations or elapsed time). If the terminating criteria are not met, 

the chosen metaheuristic algorithm is activated - see the right side of the diagram in Figure 1. 

3.1. Genetic Algorithm (GA) 

The genetic algorithm optimization has been established by Holland in 1975 [13] on the basis of Darwin’s 

genetic principles and natural selection theory (1859) [14]. In accordance with the genetic terminology, 

constants of an approximation-model are labeled as genes. A specific combination of these genes (i.e. vector 

of constants) then represents an individual (i.e. possible solution). The genetic algorithm iteratively modifies 

the population of individuals through the production of new generations of possible solutions. Creation of new 

generation is performed by means of three mathematical processes which are analogy to the genetic 

principles: specifically, selection (choosing of appropriate individuals from the previous generation of 
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solutions), crossover (i.e. exchange of genes between selected pairs of individuals (parents)) and mutation 

(random change of some genes). For more detailed description see e.g. [15]. 

Figure 1 Basic block diagram of the utilized metaheuristic optimization algorithms 

3.2. Artificial Bee Colony (ABC)    

Based on the behavior of honeybee (Apis mellifera) swarm, Karaboga (2005) [16] has proposed the so-called 

artificial bee colony optimization. With respect to the specific terminology, vectors of possible solutions (i.e. 

constants of approximation model) are in the case of the ABC algorithm entitled as food source positions. 

Similarly as in the case of the GA optimization, pseudo-randomly generated set of possible solutions (food 

source positions) is during the course of the ABC algorithm gradually modified by the generating of new 

positions. The generating of new food source positions is mediated via two stages. In the first stage, so-called 

employed bees are sent to find new possible food sources in the neighborhood of the current sources when 

each employed bee explores the neighborhood of one source. Practically, each pseudo-randomly generated 

solution is modified in order to create a new one. If a newly calculated food source has a higher quality of 

nectar (i.e. better value of performance function), the previous source is replaced just by this new one. At the 

end of the first phase, nectar quality of each food source position is evaluated and submitted into the stage 

two. In the second stage, employed bees share their information about nectar quality of individual food sources 

with so-called onlooker bees in the hive. Each onlooker bee probabilistically selects one previously discovered 

food source position on the basis of roulette wheel selection. Onlooker bees then become to be employed 

bees and the ABC algorithm is returned back to the stage one. It should be noted, the neighborhood of each 

food source position is explored by a predefined number of trials. A specific position is abandoned if its trial 

number is reached (i.e. if the employed bee cannot find better food source position). If this situation occurs, 

the employed bee become to be a scout bee and is sent to find a new potential food source (i.e. a new position 

is pseudo-randomly generated in order to replace the abandoned one). Detailed description and corresponding 
mathematical equations for food source generating can be found e.g. in [16,17]. 

3.3. Fish Swarm Algorithm (FSA) 

The FSA algorithm has been invented by Li et al in 2002 [18] on the basis of imitation of fish swarm behavior 

at food searching. As in the case of the ABC algorithm, pseudo-randomly generated set of possible solutions 

(food source positions) is gradually modified by the generating of new positions. Each artificial fish is 
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associated with one source and searches for new sources in its neighborhood on the basis of four different 

types of behavior - see Figure 1. Each fish behavior type mediates the creation of new food source position 

by a different way. It can be said, the essence of this algorithm is very similar to the ABC algorithm. However, 

the mathematical approach for a new-food-source generating is, of course, different - see detailed overview in 

[10]. 

4. RESULTS AND DISCUSSION 

The material constants (p1 - p9) of the Hensel-Spittel relationship (equation (1)) have been determined on the 

basis of each above introduced metaheuristic optimization algorithm. Their final values are sorted in Table 1. 

This table also contains the values of constants which were calculated on the basis of commonly used 

Levenberg-Marquardt (LM) gradient algorithm [7,8]. All utilized algorithms have been written and applied in the 

programing environment of the Octave-4.2.1 (free version of the well-known Matlab software).   

Table 1 The values of the material constants of the Hensel-Spittel relationship 

 p1 p2 p3 p4 p5 p6 p7 p8 p9 

GA 1.4·10+3 1.2·10−1 − 6.3·10−3 − 1.1·10−4 − 1.6·10−1 − 2.9·10−3 2.3·10−1 − 9.3·10−2 1.5·10−4 

ABC 2.7·10+3 3.1·10−2 − 1.3·10−2 3.3·10−5 − 1.0·10−1 − 3.6·10−3 2.4·10−1 − 2.4·10−1 2.6·10−4 

FSA 1.5·10+0 8.8·10−2 − 6.8·10−3 1.1·10−4 − 2.8·10−1 − 4.7·10−3 1.5·10+0 − 2.9·10−1 3.0·10−4 

LM 1.2·10+0 1.1·10−1 − 5.2·10−3 1.2·10−5 − 2.4·10−1 − 4.7·10−3 1.5·10+0 − 2.9·10−1 3.0·10−4 

Figure 2 displays the graphical comparison among the experimental (boxes) and via the Hensel-Spittel 

relationship approximated (lines) flow curves. It can be said, with respect to the utilized metaheuristic 

optimization algorithms, the FSA approach (solid lines) gives the best approximation fit (practically visible at 

lower strain rates). The worst approximation is then given by the GA optimization (dash-dot lines). However, 

the representative of gradient algorithms (i.e. LM) gives practically the same results as the metaheuristic FSA 

optimization - the dot lines (LM) are superimposed by the solid lines (FSA). This is also confirmed by the similar 

values in their vectors of constants (see Table 1). It is also clear, the ABC algorithm (dash lines) provides 

similar results like the FSA and LM approaches. In order to quantify the approximation accuracy of the utilized 

algorithms, the relative percentage error, η (%), has been applied [3]: 

u� � �,v+/w��,f/w
�,f/w ⋅ 100 (3) 

The distribution of the η-values is clearly expressed in the form of clustered histogram - see Figure 3, where 

each optimization algorithm is associated with a unique color. This histogram confirms the assumption about 

the close similarity of results which have been calculated by the FSA and LM algorithms - see the blue and 

black columns. The η-deviation of both approaches is ranging in the same range (i.e. from − 12 % to 18 %) 

and the associated mean values, μ (%), and standard deviations, σ (%), are almost identical. The ABC 

optimization (red columns) provides a less accurate approximation fit - its η-deviation is ranging in the wider 

range (from − 12 % to 30 %), and the corresponding μ-values and σ-values are in the comparison with the 

FSA or LM algorithms less favorable. With regard to the GA optimization approach (green columns), the η-

values are ranging in the very wide range (from − 18 % to 54 %), which is in a good accordance with the flow 

curve description in Figure 2. This fact is also reflected by the very unfavorable values of μ and σ.  

It can be said, based on the obtained results, the FSA and LM algorithms are both for the optimization with 

regard to the Hensel-Spittel equation ideal candidates. However, it has to be said, the LM algorithm has not 

been able to calculate the constants of the HS relationship without an estimate from a previous approximation 

task. Gradient-based (i.e. derivative-based) nature of the LM algorithm is its stumbling-block since a derivative 

cannot be calculated if the approximating model returns error values - which can be occurred if the initial 
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estimate of material constants is generated without considering the mathematical essence of mathematically 

complex model. In the case of the FSA algorithm, on the other hand, the final HS-model constants have been 

gained even with a rough pseudo-random estimate. It can be concluded, based on the obtained findings, the 

LM algorithm is more favorable if a previous estimation is available. The FSA algorithm should be then more 

useful in the case of new (mathematically complex) model implementation when the first estimation can be 

performed via the FSA algorithm and the final one via the LM approach.   

Figure 2 Flow curves of the chromium-molybdenum steel: experiment (boxes), calculated by Hensel-

Spittel: FSA (solid lines), ABC (dash lines), GA (dash-dot lines), LM (dot lines)   

Figure 3 Distribution of the relative percentage error 
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5. CONCLUSION        

Three different metaheuristic optimization algorithms have been utilized and compared in the sense of struggle 

for the hot flow curve approximation accuracy. The submitted research has been performed on chromium-

molybdenum steel. The well-known Hensel-Spittel model has been used as the approximation equation. 

Metaheuristic approaches, namely Genetic Algorithm (GA), Artificial Bee Colony (ABC) and Fish Swarm 

Algorithm (FSA), were applied to calculate the material constants of the selected approximation model. In 

addition, standardly used Levenberg-Marquardt (LM) optimization algorithm was employed for comparison 

with the proposed metaheuristic algorithms. The results have showed a high performance in the case of the 

FSA and LM. The LM algorithm has provided slightly better results - but only with the use of estimate from a 

previous approximation task. The FSA approach has been able to gain early the same results regardless of 

this previous estimate. Combination of both algorithms is thus recommended if a previous estimate is not 

available and approximation model is highly complex and sensitive to errors due to the roughly estimated 

constants.  
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Abstract 

This study deals with the experimental processing of a tungsten heavy alloy prepared by powder metallurgy 

using the technology of rotary swaging. Rotary swaging took place at a temperature of 900 ° C. After 

processing by rotary swaging, the material was further subjected to annealing. Emphasis was placed on the 

mechanical properties of the material before processing, after processing and after annealing. In the study we 

also deal with the influence of forming and annealing on the structural arrangement of tungsten heavy alloy. 

Keywords: Rotary swaging, tungsten heavy alloy, mechanical properties 

1. INTRODUCTION 

Tungsten heavy alloys (THA), in our case W-Ni-Fe, are exceptional in their physical and mechanical properties, 

such as high density (17-19 g/cm3) or high strength (maximum strength up to 1900 MPa). THAs are used 

primarily as a protection against harmful radiation or to block kinetic energy. The advantageous use of tungsten 

heavy alloys is, for example, as shielding in the manufacture of therapeutic devices in oncology, 

counterweights in aeronautics or for the manufacture of kinetic penetrators used by the military [1-4]. 

In the vast majority of cases THA is produced using powder metallurgy. The powders are isostatically pressed 

into the required shape, usually in the form of rods. The rods are then sintered in a protective atmosphere (H2, 

Ar2, vacuum), in the temperature range of 1000-1500 °C. Other alloying elements with a lower melting point 

(Ni, Co, Mo, Re) are also added to the powder mixture with a tungsten content above 90% by weight, which 

forms a matrix around the tungsten grains when sintered by melting the grain boundaries, thus forming a 

homogeneous material. Alloying elements in THA ensure the plasticity of the material, a negative effect is a 

reduction in strength. For optimal strength and plastic properties, we can use a change in chemical composition 

or improvement of properties through plastic deformation [5-9]. 

Suitable technologies are processes that are continuous, such as ECAP-conform [10] or rotary swaging (RS). 

These processes run continuously and are therefore suitable for series production. Due to its versatility, the 

rotary swaging technology is suitable for various branches of industry. RS is characterized by high-frequency 

blows of swaging dies that rotate around the blank. This process can be carried out both cold and hot to 

produce solid semi-finished products or to produce hollow or shaped parts. RS is a suitable technology for 

processing difficult-to-process materials (Ti, THA) and composites (Al / Cu) [1,11-15]. 

The aim of this work is to investigate the material behavior of the studied tungsten heavy alloy during hot rotary 

swaging and to compare the effects of rotary swaging and subsequent annealing on the structure and 

mechanical properties of clinkers. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

316 

2. MATERIAL AND EXPERIMENTAL METHOD 

A selected pseudo alloy 90W7Ni3Fe with a chemical composition of 90 wt.% W, 7 wt.% Ni, 3 wt.% Co 

(determined by SEM-EDX analysis) was prepared from powders with a mean grain size of 2.78 µm, containing 

~ <13 ppm Mo, Cr, Al, Ca and other impurities. This process is characterized by mixing the powders followed 

by cold isostatic pressing at 400 MPa and sintering at 1525 °C for 20 minutes under a protective atmosphere 

followed by controlled cooling in an oven and final cooling in water. The protective atmosphere during sintering 

is hydrogen and during cooling argon. This preparation procedure was performed in ÚJP Praha a.s. 

 
Figure 1 Scheme of a laboratory semi-automated line; 1 Tungsten clinker dispenser; 2 Robotic stacker;  

3 Induction heating; 4 Swaging machine; 5 Container of finished pieces 

The sintered pieces were then processed in an experimental semi-automated line (Figure 1) by rotary 

swaging, the initial temperature being 900 °C. The forming temperature was selected on the basis of our 

previous experimental studies [3,4]. Our previous studies have shown that treatment at temperatures above 

900 °C has led to massive oxidation causing rapid embrittlement during WNiFe treatment. The initial diameter 

of the sintered pieces was 30 mm, the length was 100 mm. Both were gradually reduced in three successive 

steps to a final diameter of 17.5 mm. The samples were then annealed at 1230 °C for 15 min and then cooled. 

The following structural analyses were performed on cross-sectional sections of formed pieces with a focus 

on the development of a (sub) structure. Observations were made by scanning electron microscopy (SEM 

EBSD analysis). The samples were sanded on SiC sandpapers and subsequently polished with Eposil F 

(Saphir 520, ATM, Germany). EBSD analyses were performed in the subsurface sample area, 1 mm from the 

outer edge of the observed rod, using a Tescan Lyra 3 device (TESCAN Brno sro, Brno, CZ) with a 

NordlysNano EBSD detector (Oxford Instruments, Abingdon-on-Thames, UK). Scanning was evaluated using 

ATEX software (Win10 version) [16]. The tensile tests determined the strength values of the material. 

3. RESULTS  

3.1. Structural analysis  

Figure 2 shows a tungsten pseudo-alloy after sintering. Well-defined tungsten grains are surrounded by softer 

matrices. During sintering, the tungsten grains assume a spherical shape, these tungsten grains are 

surrounded the NiFe matrix during sintering to form a homogeneous material that is suitable for further 

processing. In Figure 3 the structural states after the processing by the rotary swaging technology are shown. 

We can see In Figure 3 a) the NiFe matrix is significantly deformed in the surface area and hard tungsten 

grains are deformed at the same time. In Figure 3 b) we can observe the same phenomenon of significant 

deformation of the matrix. Tungsten grains deform in this region only in the region of elastic deformations. This 

phenomenon is caused by the typical distribution of the inserted deformation along the cross section, which is 

characteristic for this technology. 
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Figure 2 Structural state after sintering 

a)  b)  

Figure 3 Structural state after swaging a) surface, b) centre 

a)  b)  

Figure 4 Structural state after swaging and subsequent annealing a) surface, b) centre 
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The structure is shown after swaging and subsequent annealing In Figure 4 a), from the structure it is evident 

that it is very close to the state after sintering. During rotary swaging, there is a very significant deformation of 

the matrices in the surface layers and a large approximation of the tungsten grains, which in some cases join 

together during annealing to form groups of agglomerates. In Figure 4 b) the structure in the central area is 

shown. This structure is almost identical to the structure after sintering. 

3.2. Mechanical properties  

Table 1 Mechanical properties of WNiFe 

Sample Ultimate tensile strength [MPa] 

After sintering 1210±10 

After rotary swaging 1785 ±10 

After swaging and annealing 1220±10 

Table 1 implies from measured strengths that the mechanical properties are greatly improved during forming. 

The value of the strength of the sample after swaging and subsequent annealing shows that the sample has 

returned to its original state, i.e. to the value of the strength after sintering. This phenomenon is a plus if we 

continue to reduce to smaller diameters. 

4. CONCLUSION 

The paper describes real experimental forging of clinkers prepared by powder metallurgy and further 

processed by the process of hot rotary swaging. For the realization of rotary swaging, it was necessary to 

preheat the tungsten clinker to a temperature of 900 °C. For these purposes induction heating was used. This 

was followed by the processing of clinkers to a diameter of 17.5 mm. The strength of these clinkers was 

measured to ≈1785 MPa. After swaging, the clinkers were annealed and their strength returned to ≈1220 MPa. 

The structural analyses show that both monitored states differ mainly in the distribution of tungsten grains. 

Compared to the structure after sintering, in swaged clinkers the tungsten grains in the NiFe matrix are still 

clearly defined, while in the case of annealed pieces it is evident that during annealing in surface areas the 

individual grains melt and join into irregular agglomerates of tungsten grains in the NiFe matrix. 

The comparison of strength analyses shows that rotary swaging is a very advantageous technology for 

processing THA clinkers prepared by powder metallurgy. The results show that the strength of the material 

increased by approximately 500 MPa. Subsequent annealing has confirmed the assumption that the material 

returns to its original state and is thus suitable for further processing by rotary swaging to smaller diameters. 
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Abstract 

The approach of the most common industry-specific FE-systems for the service life evaluation of forming tools 

holds some disadvantages. For example, within the decoupled tool analysis, load situations are typically 

analysed at room temperature and thus, the transient temperature development in the forging die is not 

considered in the lifetime evaluation. An elastic material behaviour is assumed for the tool component to be 

analysed. In this way, both deformation and fatigue behaviour are only approximately simulated. However, 

plastic deformation can occur in critical areas of the tool due to the operationally high tool loads, which can 

increase during operation and lead to hardening or softening processes in the material. For this reason, 

neglecting the temperature distribution in the tool makes it impossible to reproduce thermally induced damage 

processes. Therefore, Sehitoglu’s life prediction approach, which is able to take into account thermo-

mechanical loads in the tool during thixoforging and to calculate tool life, is presented in this publication. Since, 

particularly in thixoforming, where the temperatures exceed those of hot forming, the consideration of thermally 

induced damage plays a decisive role in order to predict the possibly early failure of the tools. Thus, an 

appropriate numerical design is possible. For this purpose, experimental tests such as low cycle and thermo-

mechanical fatigue tests were performed for the parameterisation of the model. By means of optimisation 

routines, the model’s parameters were determined. Subsequently, FE-simulations of a cup backward extrusion 

process were carried out to calculate tool fatigue along with different damage proportions. Finally, validation 

of the numerical calculations took place by a comparison with experimental results. 

Keywords: Tool life, fatigue model, thixoforming, FEA, process simulation  

1. INTRODUCTION 

Forging has been known as a suitable process with high process reliability for manufacturing steel components 

with excellent material properties and high precision for a long time. Nevertheless, manufacturers and 

engineers must also consider alternative technologies for forging to ensure success and growth of the 

company through lower production costs and more productive manufacturing [1]. Thixoforming appears to be 

a promising potential candidate for this solution, forming metals in a partially solidified or partially liquid state, 

whereby the temperature of the steel components can reach temperatures of over 1400 °C (semisolid state). 

As a result, not only the advantages of the two conventional production processes of casting and forging can 

be exploited, but cost advantages and greater design freedom can also be expected. However, thixoforming 

of steel still poses major challenges and is not yet established in the industry. It requires fundamental 

investigations, because the tool is exposed to high thermo-mechanical loads and may fail after only a few 

cycles. Therefore, the aim of this work is to investigate the possibility of predicting tool life using the example 

of thixoforging by means of numerical calculations. The overall motivation of this research project is to promote 

the design and establishment of such innovative manufacturing processes in the future [2].  
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2. SEHITOGLU MODEL 

The thermo-mechanical fatigue (TMF) life prediction model developed by Sehitoglu et al. [4] is based on the 

accumulation of the three partial damages fatigue, creep and corrosion damage: 

�x�x �  �y4x - ��z - �{|}}`  ⟺ 
 
����  �  
 

����   -  
 
���   -  
 

������         (1) 

�y4x  results from a superposition of the Coffin-Manson and Basquin relationship. In ��z, the thickness of the 

oxide layer, which is described by a diffusion approach, and the total strain amplitude are included. �{|}}` is 

modelled with a Norton approach [3]. �x�x is the sum of the three damage proportions. Their reciprocals are 

the corresponding numbers of cycles until failure. Due to the various micro mechanisms affecting the behaviour 

of materials under thermo-mechanical loading conditions, a profound understanding is required. For this 

purpose, Sehitoglu et al. [4] developed their model allowing for the calculation of crack formation and early 

crack growth due to fatigue, environmental and creep damage. Pure fatigue (Figure 1a) is the result of 

dislocation slips within the material while loaded. Cracking develops due to intrusions and extrusions growing 

by localised deformation and slip in the plastic zone ahead the crack tip. When the metal surface is exposed 

to the environment, an oxide layer forms rupturing at a critical thickness. The fresh metal surface underneath 

the cracked layer is consequently in contact with the environment. The oxide layer grows and ruptures again. 

Thus, a crack tip intrudes into the material (Figure 1b). Creep damage is due to the formation of void at grain 

boundaries (Figure 1c). These voids act as preferred point for crack initiation leading to intergranular crack 

growth [5]. Formula 2-7 show the mathematical description of the Sehitoglu model: 

∆>����
�  �  ���

� �2�yy4x�6  -  �y� ,2�yy4x/{                  (2)  ��z  �  

����  �  � :��∙��

�∙���∙������
c��

�d
∙ �,∆>����/�"����

>i ������            ,3/ 

� }̀yy �  

x� ∙   �� ∙ �¡^ c �¢

£f,x/d 7Tx��                    (4)   ¤�z  �  

x�    �¡^ �A 


� c,>i ��/>i ����/¦

§�� d��x�� 7T               (5) 

�{|}}` �  ¤{|}}` ∙   ¨ ∙ �c�∆©
ª«d ∙ c¬���¦ ¬"�©

� d 7Tx��          (6)  ¤{|}}` �  

x�   �¡^ �A 


� c,>i ��/>i ����/�

§����� d��x�� 7T                ,7/ 

where Ly�, E, b, �y� , c, B, β, a, δ0, hcr, Do, Q, R, ®�z, A, ∆\, m, °
, °�, K (drag stress approximated as linear 

function containing 2 additional constants) and ®{|}}` are parameters and material constants, respectively, 

needed to be determined. For space reasons, reference is made at this point to [4], where all model equations 

are observable in detail and no further explanations of each name as well as physical meaning are given in 

this chapter. 

 

Figure 1 Damage mechanisms: Pure fatigue (a), oxidation damage (b), creep damage (c) [5] 
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3. LOW-CYCLE AND THERMO-MECHANICAL FATIGUE EXPERIMENTS  

To determine the parameters of the Sehitoglu’s model, so-called low-cycle fatigue (LCF) and thermo-

mechanical fatigue (TMF) experiments have been performed (72 tests in total). The process window was 

determined beforehand by means of FE simulations, taking into account different degrees of deformation, 

strain rates and the temperature loads experienced by the tool. Four strain amplitudes (0.001 - 0.003), two 

strain rates (0.002 and 0.0005 1/s) and, for statistical safety, three repetitions were selected as test matrix 

parameters. As described above, the Sehitoglu approach can be used to determine the total damage 

consisting of mechanical damage �y4x, creep damage �{|}}` and environmental damage ��z. The tests were 

carried out on the physical forming simulator system Gleeble 3800-GTC at the IFUM to parameterise the 

model. During the LCF tests, the specimens were cyclically loaded with a constant strain amplitude 

isothermally in atmospheric air (20 °C; strain ratio R= -1). In addition, so-called in-phase (IP) as well as out-of-

phase thermo-mechanical fatigue (OP-TMF) tests were performed, where the amplitude of temperature 

(oscillating between 300 and 750 °C) and strain are in phase or have a shift of 180°, respectively. A notification 

of crack initiation is possible by the change of the stress amplitude and its sudden drop [4]. In this work, the 

crack criterion was fulfilled when the value decreased by a minimum of 50 %.  

 

Figure 2 In-phase- and out-of-phase test (left); specimen dimensions (right) 

Figures 3-5 show the fracture regions of the specimens after the corresponding different types of thermo-

mechanical cycle fatigue tests. The micrographs were taken by means of grinding longitudinal sections. 

Therefore, pieces from the failure areas were taken from the specimen by wire erosion which were 

subsequently etched to make the microstructure visible. When the LCF test is performed at room temperature, 

the sample is only subjected to mechanical stress. Figure 3 shows that the main mechanism for sample failure 

is pure fatigue. Due to dislocation movements caused by the load change of tensile and compressive stresses, 

cracking occurs in the forming zone and the material fails when the critical crack length is reached. 

 

Figure 3 Micrograph of LCF specimen after crack 
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For the specimen treated by OP-TMF loads, oxidation occurs in the 1.2367 hot work steel. Scanning electron 

microscope pictures illustrate the representative surface oxide and oxide "intrusions" (surface-connected 

cracks filled with oxide) which are transgranular (Figure 4). During the thermo-mechanical loading, the first 

oxide layers cracks so that the exposed metal surfaces oxidise again. It is typical of OP-cases that an oxidation 

damage mechanism dominates where the maximum temperature act on the material concurrently to 

compression stresses since void growth and intergranular cracking mechanisms are suppressed in 

compression [4]. 

 

Figure 4 Micrograph of OP-TMF specimen after crack 

In contrast, no oxide intrusions formed in the in-phase TMF case. Here, most of the damage occurs in the form 

of internal intergranular cracking at the grain boundaries. As Figure 5 reveals, micropores are visible at the 

grain boundaries which lead to the formation of macropores in adjacent areas and eventually crack initiation. 

The main damage mechanism is creep because tensile stresses coincide with high temperatures promoting 

void growth. The performance of the above-mentioned LCF- and TMF-tests confirm the findings of the studies 

in [4]. The main purpose of the experiments in this work has been to determine the parameters of the Sehitoglu 

model for the tool material under investigation. The results and the procedure for determining the parameters 

are presented below. 

 

Figure 5 Micrograph of IP-TMF specimen after crack 

4. DETERMINATION OF THE MODEL PARAMETERS  

The LCF tests have shown that the room temperature strain-life curve can be considered as an upper bound 

on life. In the TMF-tests, the achieved cycles of all test specimens were found to be less than those during 

room temperature tests. Any decrease in life can be attributed to oxidation effects, creep effects, or both. The 

“total strain amplitude- cycles until crack” curves are illustrated in Figure 6 for the three cases of isothermal 

(IT) LCF-tests, thermo-mechanical OP- as well as IP-tests (exemplary at a strain rate of 0.002 1/s). The number 

of cycles until crack initiation increases with decreasing strain amplitude. The contribution of oxidation and 

creep add up to the mechanical damage and thus cause an earlier failure of the material. These mechanisms 
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are illustrated by performing the TMF tests, as isothermal tests alone do not capture all damage mechanisms 

that operate under variable strain-temperature conditions. The results show specimen failure at an earlier point 

due to the combination of mechanical and thermal loads. Based on the experimental results, the 22 parameters 

of the model mentioned in chapter 2 could be determined by certain simplifications described below and using 

the Generalized Reduced Gradient Algorithm (GRG) [6]. Thus, in the case of the isothermal LCF experiment 

at room temperature, it was assumed that oxidation and creep damage are negligible, which made the 

determination of the five parameters of the model equations (formula 2) possible. In the OP-TMF test, the 

proportion of creep damage was neglected and the total damage was calculated from the sum of mechanical 

plus oxidation damage and compared with the experimental results. This approach allowed to identify the nine 

parameters of the corresponding model equations (formula 3-5). Finally, the model equations (formula 6  

and 7) of creep damage were parameterised. For the description of this model equation, a material law for 

predicting the stress history in the tool material was also required. This was determined by means of upsetting 

tests in the relevant temperature range and resulting flow curves approximated by the Hensel-Spittel approach 

[7].  

 
Figure 6 Δεmech (Total strain amplitude) - Nf (Cycles until crack) - diagram 

After determining the model equations, corresponding curves for the different cases of tests were calculated 

as displayed in Figure 6. The comparison shows that the calculated curves can predict the cycle number fairly 

accurately. Subsequently, the total Sehitoglu model has been implemented in Simufact.forming by means of 

a user subroutine. 

5. NUMERICAL AND EXPERIMENTAL RESULTS OF THIXOFORGING 

As described in previous work [8], a cup backward extrusion process has been investigated. Thereby, the 

continuous operation, including the transport of the heated billet (100Cr6), setting it into the lower die, forming 

and post-compaction, was simulated. The results from [8] revealed plastic deformation of the tools after few 

cycles due to raised temperatures in the tools. Figure 7 shows the simulative and experimental results. By 

comparing the punch in its initial state with the worn and deformed one after 20 cycles, it is evident that 

relatively high degrees of deformation of the tool material occur due to the high heat input, accumulating from 

cycle to cycle. This leads to decreased yield stresses and thus to plastic deformation, which the simulation 

could have already predicted in advance (Figure 7, right). Due to high thermo-mechanical loads, the 

implemented fatigue life model predicted that the total number of cycles Ntotal was about 15 until failure in the 
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mandrel radius area. The experimental results show the condition after 20 cycles and confirm the numerical 

results by the enhanced damages at same location. This state of damage may be considered as tool failure.  

 

Figure 7 Punch life prediction (left), plastic deformation of the punch (right) 

The model allows to calculate the proportions of the occurring damage components of the total damage. 

Figure 8 shows the numerically determined mechanical, oxidation and creep damage development of the 

punch. It becomes clear that the proportion of mechanical damage is highest, whereas that of creep damage 

is negligible. This finding is plausible and compatible to the results of the TMF-tests since in forging the main 

loads are of OP-type where intergranular damage initiation is suppressed by compression stresses. 

 

Figure 8 Prediction of damage proportions: Mechanical (left), oxidation (central), creep (right) 

6. CONCLUSION AND OUTLOOK 

In this work, numerical investigations of tool life in thixoforging of steel parts have been presented. For this 

purpose, at first Sehitoglu‘s life model was introduced in consideration of the three damage mechanisms. 

Afterwards, results of the LCF and TMF experiments were shown. Micrographs of the specimens after cracking 

confirmed the afore mentioned damage mechanisms occuring as main causes for material failure in such tests. 
Besides, these results made the determination of Sehitoglu’s model parameters possible by appyling the GRG-

Algorithm. The model equations have been implemented in Simufact.forming by a user subroutine. The 

comparison of numerical and experimental thixoforging results demonstrate a high correlation. Next steps are 

microscopic investigations of the punch to characterise the type of damage. Furthermore, the process 

parameters will be numerically adjusted to increase tool life in this particular case. After optimising the process 

parameters, forging tests will be performed again so that the model will be improved with regard to the further 

increase of accuracy by the achieved results. 
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Abstract 

The main goal of this study is to analyze the influence of radial-shear rolling (RSR) modes on the structure and 

properties of 1050A using finite element modeling (FEM) and experimental verification of the results. Ingots 

with a diameter of 60 mm were obtained, which were rolled into rods with a diameter of 14 mm at different 

regimes (total elongation ratio µ = 18.4). After rolling, the evolution of the microstructure and mechanical 

properties of the resulting rods were investigated. It is established that during RSR process the nonuniform 

change in temperature-velocity and deformation parameters occurs in the volume of deformable body, which 

determines the forming of gradient spiral structure. FEM was used for good understanding processes of 

microstructure evolution and properties depending on parameters of RSR methods. Based on the FEM 

simulation the change in temperature and strain rates in the volume of deformed body at different temperature 

(T=25 up to 350 °C) was obtained. Depending on the selected temperature-velocity parameters it is possible 

to obtain a different combination of mechanical properties (UTS ~ 94 up to 20 MPa; YS ~ 88 up to 110 MPa; 

e = 1 up to 43.5 %). The strength of obtained RSR rods from 1050A alloy at all regimes is significantly higher 

than the strength of industrial rods in a hot-pressed condition that shows the application prospect of RSR 

process as efficient method of controlled plastic deformation of aluminum alloys and obtaining long rods. 

Keywords: Aluminum alloys, radial-shear rolling, finite element modeling, plastic deformation, feed angle, 

elongation ratio, deformation regime 

1. INTRODUCTION 

The production of semi-finished products from aluminum alloys is an important component of the metallurgy 

and engineering industries. The semi-finished products in the form of long rods are widely used as the 

constructional material for production of parts and equipment in the aircraft and automotive industries, etc. 

[1,2]. 

Now the works on creation of fundamentally new types of materials with unique set of properties [3,4] or 

improving materials properties with new processing methods in particular severe plastic deformation (SPD) [5-

7] are one of the high-demand directions in the field of materials research. Currently, a lot of SPD methods 

have been developed and studied in sufficient detail as applied to various metals and alloys. Good results are 

shown for the method of equal channel angular pressing (ECAP) as applied to aluminum [8], copper [9] and 

other alloys. Also, quite a number of investigations is devoted to methods of high pressure torsion (HPC) [10, 

11]. At the same time, the industrial application of these methods and obtaining products with a high level of 

properties and sufficiently large sizes (lengths) remains an urgent issue. This article describes the method of 

radial-shear rolling (RSR), which allows obtaining long rods from a wide range of steels and alloys of non-

ferrous and ferrous metals [12-15]. Due to shear deformations arising during rolling the complicated spiral 

structure is formed in the workpiece volume and the working of material and decrease in grain size are occurred 

[16]. Thus, in the deformation zone under the action of work rolls of special calibration the conditions close to 
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SPD and contributing to increasing of properties level of semi-finished products can be realized. This 

processing method has found application in technologies for producing precision rods from titanium alloys and 

various alloyed steels [17,18]. For aluminum alloys the pressing is main method for the production of semi-

finished products in the form of rods, therefore, it is relevant to study the RSR features of aluminum-based 

alloys in order to create an industrial technology for producing rods with a high level of mechanical properties. 

The published results of experimental studies [19-21] show the promising of this method as applied to 

aluminum alloys, however, a more detailed study of regimes and deformation conditions are required, which 

will formulate the basic principles for the technology. This article proposes to use the FEM modeling for this, 

which makes possible to determine the main temperature, velocity, and deformation parameters affecting the 

structure and properties formation of material. 

The main goal of this study is to analyze the influence of radial-shear rolling (RSR) regimes on the structure 

and properties of 1050A using finite element modeling (FEM) and experimental verification of the results. 

2. EXPERIMENTAL METHODS 

Experimental studies were carried out on 1050A industrial aluminum alloy (standard EN 573 - 3 Ingots with a 

diameter of 60 mm and a length of 230 mm used as initial workpiece for rolling were rolled in 5 passes to final 

diameter of 14 mm according with reductions presented in Table 1. 

Table 1 Deformational conditions of rolling 

The heating temperature of workpieces before deformation T0 is the main varied parameter during the study. 

The values of T0 = 25, 200, 250, 300 and 350 °С were chosen corresponding to cold, warm and hot 

deformation. The initial workpiece was heated in chamber electric-heating furnace before rolling. After each 

pass the rod was returned to furnace for temperature equalization. 

The work rolls of RSR-minimill turned at feed angle of 20° rotate in one direction and have the reduction and 

calibration zones of workpiece where regular round rod profile is formed. 

After rolling the mechanical properties of rods with diameter of 14 mm were determined without previous 

preparation by Zwick 250 test machine. The samples testing was carried out at ambient temperature with strain 

rate of 10 mm/min. Electron backscatter diffraction (EBSD) microstructure analysis was also conducted by 

using a field emission scanning electron microscope TESCAN VEGA LMH. The EBSD analysis of the alloy 

was performed using a NordlysMax2 detector (Oxford Instruments Advanced AZtecEnergy). Polished samples 

were used for the studies. 

The computer simulation of RSR process was performed in QFORM program (LLC "QuantorForm", Russia) 

according to the modes presented in the Table 1. During the simulation, the following main model parameters 

were adopted: the friction factor is 0.93, the tool temperature is 25 °C, the rotary velocity of the work rolls is 30 

rpm, and the ambient temperature is 20 °C. 

Pass Number, i 
Diameter of workpiece D

i-1
, 

mm 

Diameter of the resulting 
rod D

i
, mm 

Elongation ratio 
µ

i
 

Σµ
i
 

1 60 42 2.04 2.04 

2 42 31 1.84 3.75 

3 31 24 1,67 6.25 

4 24 17 1.99 12.46 

5 17 14 1.47 18.37 
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3. RESULTS AND DISCUSSION 

3.1. FEM simulation 

To estimate the temperature change after rolling depending on heat temperature Т0 and rod diameter the 

temperature graph after each pass was constructed (Figure 1). For this purpose, three control points located 

on workpiece surface (P1), at a distance of 1/2 radius (P2) and on the workpiece axis (P3) were chosen. At 

these points the temperature readings were taken at each step of calculation along their movement trajectory. 

The temperature after rolling was determined as the  average value at three control points. 

 

Figure 1 The graphs of temperature change after each pass 

The data obtained show that temperature change of rod with account for deformation heating and heat 

exchange with tool and environment. With increasing in heat temperature of rods the temperature change after 

each pass is reduced. This tendency is due to increase the difference between workpiece temperature and 

work tool.  During the rolling process the workpiece comes into contact with cold rolls for a long time as a result 

of which its surface is cooled. With each following pass the effect of temperature heating decreased since the 

diameter of rod reduces and its length increases. 

As can be seen from the graph the greatest heating of rods is observed for T0 = 25 °С and reaches 140 °С. 

The onset temperature of recrystallization for 1050A alloy is 290 °С due to this the probability of recrystallization 

for T0 = 25 until 200 °С is low It can be predictable that partially crystallized and predominantly crystallized 

structures will be observed at   T0 = 250 until 300 °С, and at heating to 350 °С, respectively. To verify that 

assumption the analysis of microstructure and mechanical properties was carried out in this study. 

3.2. Microstructure 

EBSD analysis was carried out for the rod with diameter of 14 mm deformed at temperature of 250 °С. The 

maps of grain orientation for three control zones such as center, half of radius and surface are presented in  
Figure 2. 

As it can be seen, the central zone of workpiece consists of deformed grains elongated along rolling axis. The 

average grain size is 19.9 µm. The road surface has predominantly recrystallized structure with a small fraction 

of ultrafine-grained deformed grains with an average diameter of 4 μm. The transition zone of rod cross-section 

is the combination of two above-describe structures: partly deformed and recrystallized ones. Obviously, in 

this zone the average grain size (d~13 µm) is in the size range of grains in the center and on the surface. The 

obtained maps of size distribution and grain orientation after RSR are in good agreement with data from 

[16,19,20] and results of simulation in QFORM 3D. 
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Center ½ of Radius Surface 

   

Figure 2 EBSD micrograph (colour map) of grain orientation for 1050A alloy rod with D5=14 mm (T0=250 °C; 

longitudinal section) 

3.3. Mechanical properties 

The mechanical properties of rods with diameter of 14 mm obtained by RSR method at different heating 

temperatures are presented in Figure 3. The rods with the heating temperature of 25 until 200 °С before rolling 

have high strength UTS ~ 114.7 until 121.7 MPa and low ductility e ~ 1 %, that is corresponds to cold rolling 

conditions. Beginning from the temperature of 250 °С there are slightly decrease in strength properties of rods 

and increase in plastic ones. 

 

Figure 3 The mechanical properties of 1050A alloy after RSR at different temperatures. 

According to the obtained results it can be indirectly judged the fraction distribution of recrystallized and 

deformed structures. It can be seen that a heating temperature of 200 °C is not enough to start the 

recrystallization process in 1050A alloy. At temperature of 250 °С, the partly recrystallized structure is obtained, 

where the fine recrystallized grain from the surface is gradually replaced by deformed structure in the center 

of rod that is confirmed by the data obtained after EBSD analysis (Figure 3). Such structure provides the high 

strength properties and maintenance of plastic ones that is necessary for structural materials. A further 

temperature rise of deformation increases fraction of recrystallized structure and leads to decrease in strength. 

4. CONCLUSION 

The article discussed the features of structure and properties formation of 1050A aluminum alloy during RSR 

process.  
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Based on FEM results the analysis of temperature change during RSR process in depending on initial heating 

temperature and reduction per pass was carried out. The deformation heating of rod during the deformation 

process is the greater than the initial temperature of workpiece is lower. The largest temperature amplitude is 

observed on the workpiece surface where the deformation is localized and the periodic contact with work rolls 

occurs. 

The deformation temperature can be considered as the main parameter for control of structure formation during 

RSR process. As analysis shows, it is possible to obtain required fraction ratio of deformed and recrystallized 

structures by setting temperature-deformation parameters, and thus, to control the level of mechanical 

properties. 

The obtained data can be used for principles formation of industrial method for controlled deformation of semi-

finished products from aluminum alloys with a given structure and properties. 
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Abstract 

An overview of the prospects for the development of nuclear technologies and the conclusion of the relevant 

requirements for advanced structural materials, their classification and features were described. In order to 

obtain a bar with a modified radiation-resistant outer layer, an experiment on radial-shear rolling of the Zr-1% 

Nb alloy in conditions favorable for the UFG structure formation was conducted. In the process of radial-shear 

rolling of round bars along the route 37 mm → 20 mm in diameters with a total deformation 

of  ≈ 70 %, a microstructure of submicron size was obtained. The nature of the microstructure is equiaxed 

with mainly high-angle boundaries and large crystallographic misorientation of the grains that is the most 

promising from the point of view of radiation resistance. 

Keywords: UFG, severe plastic deformation, radial-shear rolling, TEM, zirconium 

1. INTRODUCTION 

Zirconium is the most popular material in the nuclear power industry. Alloys based on it are used for the 

production of the most important part of nuclear reactors - for the material of shells (nuclear fuel cladding tubes) 

and plugs (end plug) of fuel elements of thermal neutron reactors (PWR, WWER). These tubes contain tablets 

of nuclear fuel and separate it from the inner space of the reactor. Therefore, their properties are subject to 

exceptional requirements [1]. 

The main concept of creating a new generation of nuclear reactors is to increase their safety level, increase 

their service life and power [1-3]. The development of nuclear technology is associated with a gradual increase 

in operating temperatures and pressures in the reactor core [2]. Also, the problem of creating small nuclear 

reactors with particularly long-term autonomous operation for stable energy supply in extreme conditions 

without maintenance is relevant [4]. At the same time, the main problem with increasing power and durability, 

and, consequently, with safety, is the degradation of structural materials under prolonged exposure to ionizing 

radiation in an aggressive environment and high temperatures [5]. 

The main aim of this work is an experimental investigation of radial-shear rolling process of Zr-1% Nb alloy for 

possible obtaining of ultrafine-grained structure. 

2.  FEATURES OF ULTRAFINE-GRAINED AND NANOSTRUCTURED MATERIALS AND METHODS 

OF THEIR PRODUCTION 

One of the ways to increase the level of mechanical properties and radiation resistance is the use of ultrafine-

grained (UFG) and nanostructured materials (NS) [6]. All industrially used metal materials have a coarse-

grained structure with a grain size of about 20-80 microns or more. The UFG state, with a grain size of less 

than 1000 nm, significantly changes the mechanical and physical properties of the material. The strength 
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increases several times while maintaining a sufficiently high level of plasticity, which is very beneficial for 

structural materials. These materials, their properties and features of production are described in detail in the 

works of R.Z. Valiev, T. Langdon, and others [6-9]. 

Such materials, due to the small grain size, contain a large number of grain boundaries in the structure, which 

play a decisive role in the formation of their physical and mechanical properties. Ideas about non-equilibrium 

grain boundaries are based on studies of the interaction of lattice dislocations and grain boundaries, in the 

result of which the introduced grain-boundary dislocations (GBD) are formed. They form the special state of 

grain boundaries that allows to obtain increased physical and mechanical properties of materials. Such 

structures are characterized by a high level of strength and a sufficient level of plastic characteristics 

immediately after production. Thus, the nature and state of the grain boundaries have a decisive influence on 

the properties of the material. 

The physical mechanism for increasing radiation resistance also consists in the fact that UFG and 

nanostructured metals have a much larger number of grains per unit volume, and therefore a relatively large 

proportion of intergranular boundaries in the volume of the body. In the case of a radiation defect, due to the 

proximity of grain boundaries, the defect quickly reaches the grain boundaries that serve as the surface of the 

drain and disappears. In particular, a decrease in the proportion of amorphization, radiation hardening and 

swelling was recorded for nanostructured alloys obtained by equal-channel angular pressing [10,11] - the most 

common method for obtaining UFG structures. The study of radiation resistance of this class of materials is 

most actively conducted in the nuclear centers of the United States [12], France [13], Japan [14] and other 

countries [15,16]. 

Obtaining the UFG and nanostructured state is possible either by sintering ultrafine powders, or by severe 

plastic deformation method (SPD). The use of SPD eliminates the presence of residual porosity characteristic 

of sintering powders, but has more stringent requirements for the process conditions: 1) achievement of high 

degrees of deformation for grain grinding (ε > 6-8); 2) formation of high hydrostatic pressure preventing sample 

destruction and annihilation of crystal lattice defects (1 GPA and higher); 3) deformation at temperatures of 

about 0.4 of the melting point and below to exclude the phase transition α→α+β [17] (for zirconium); 4) ensuring 

turbulence and non-monotonicity of the deformation, contributing to the formation of high-angle intergranular 

boundaries. 

Similar conditions can be obtained by such methods as high-pressure torsion, equal-channel angular pressing, 

screw extrusion, all-round forging, and some others.  

The most popular methods that implement these conditions are equal channel angular pressing in 6-8 cycles 

or more (ECAP) [11] and high pressure torsion (HPT), as the evolution of the Bridgman anvil [1,7-8,18-20]. 

These methods make it possible to obtain ultrafine grain for a number of materials (there are many times 

confirmed protocols for various materials) and, judging by the ratio of publications, they are most in demand 

for scientific research. These methods are the main ones in more than 90 % of publications on UFG materials 

and in all publications on radiation resistance research. However, when convenient for laboratory use, both 

methods have two major drawbacks: a limitation in the size of the resulting samples and extremely low 

production technology, which practically exclude their industrial use. These disadvantages can be eliminated 

by using a radial-shear rolling method, which also allows to obtain a UFG state, but already in long round bars 

with some features of the structure distribution [18-20]. The development of this method will make it possible 

to take a step towards the industrial application of products made of radiation-resistant UFG materials. In 

radial-shear rolling, a stress state scheme close to all-round compression with large shear deformations is 

implemented in the deformation zone. The scheme of radial-shear rolling and features of metal flow is shown 

in Figure 1. The main feature of radial-shear rolling is non-monotonicity and turbulence of deformation, as well 

as differences in the plastic flow and structure of different zones of the workpiece due to the trajectory-speed 

characteristics of the process [19]. Due to these features of the metal flow, the most intense shear deformations 
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are localized in the zone of intersection of the metal sliding lines - the circular cross-section zone characteristic 

of the three-roll scheme, which is confirmed by the model. In the outer layer, each small trajectory-oriented 

element is subjected to compression deformation along the radius of the workpiece, compression deformation 

in the direction of flow (along the helical trajectory), and, accordingly, stretching deformation across the helical 

trajectory. 

 
Figure 1 Scheme of radial-shear rolling and features of metal flow in the axial, intermediate and peripheral 

zones of the workpiece 

At the same time, it is important that there is a constant gradient of velocities and flow directions along the 

radius, which also adds additional shear elements to the overall complex picture of the stress-strain state. 

Elements of the metal structure subjected to an expanding flow with a two-way precipitation (along the 

trajectory and along the radius) take the form of isotropic isolated particles of high dispersion [19]. 

The speed of particles in the axial fiber and its length, as well as in longitudinal rolling, increases in proportion 

to the extraction coefficient. The cross section of the central current flow tubes decreases. The metal structure 

processing acts as a type of longitudinal rolling in calibers with multi-sided compression or pressing. Elements 

of the structural structure are stretched and thinned with the formation of a characteristic structural band 

frequency. These features are described and illustrated in detail in the works of S.P. Galkin [19]. Recently, a 

significant change in the structure of conventional steels [20], stainless steels [21-23], aluminum-based alloys 

[24-25] and magnesium [26] has been successfully obtained by radial-shear rolling. 

3.  RADIAL-SHEAR ROLLING OF ZR-1%NB ALLOY BARS 

Based on the works listed above, NUST MISIS has created designs for radial-shear rolling mills that implement 

severe plastic deformation of a solid round bar. Among them, the RSP 14-40 mill installed at Częstochowa 

University of Technology. The appearance of the mill is shown in Figure 2. This mill was chosen for conducting 

experiments to study the effect of cross-screw rolling on the microstructure of zirconium, because the mill is 

characterized by a wide range, high rigidity of the cage and ease of operation. Previously, using a similar type 

of mill, an ultrafine structure with equiaxed grains of 300-700 nm on samples of 08X18N10T austenitic stainless 

steel was obtained, which is also widely used in nuclear power engineering [21-23]. For conformity assessment 

implemented by the mill scheme of stress-strain state relative to the above parameters optimal for the formation 

of the UFG structure is necessary to conduct a computer modeling process in a mill of RSP 14-40. 

Radial-shear rolling of blanks made of Zr-1% NB alloy was carried out at the RSP 14-40 mill at Częstochowa 

University of Technology. The heating temperature was set at 530 °C based on known studies of the plasticity 

of this alloy under similar conditions [27]. The initial bar with a diameter of 37 mm was heated in a preheated 

muffle furnace for 40 minutes. To control the temperature mode, an infrared thermal imaging camera was 

used, aimed at the deformation zone. When exposed to compression of 3 mm rolls, due to the spring of the 

cage, on the first pass, the final diameter was a millimeter larger than the exposed, so some passes were 

rolled 2 times. Rolling was carried out at the maximum mechanical and technological conditions of the mill, 
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and there were several cases of jamming of the rolls. The rod was quickly removed, placed in the furnace for 

heating to the initial temperature, which was recorded by a thermal imager, and the rolling was continued in 

steps of 1.5-3 mm until the diameter of 20 mm was reached. This diameter is the technological limit for large 

rolls installed in the mill. Rolling to smaller diameters requires transshipment and replacement of rolls and 

cassettes, which takes time. Therefore, rolling to smaller diameters from a single heating is not possible. These 

results are intermediate. A short-term increase in temperature from 50 to 150 °C was recorded as a result of 

the thermal effect of plastic deformation, which, with small absolute compressions, indicates the occurrence of 

intense shear deformations. The rolled rod was cooled in air, from it, from the central part, a sample was taken 

in the form of two segments (10 mm and 30 mm long) to study changes in the microstructure and properties. 

The remainder was divided into 3 equal parts to further determine the conditions (heat treatment mode, rolling 

temperature) of radial-shear rolling in a size of 14-15 mm in diameter. The samples cut from the rolled bar are 

shown in Figure 2 (on the right). 

 

Figure 2 RSP 14-40 radial-shear rolling mill and samples cut from the rolled bar for microstructure study 

To study the microstructure using a transmission electron microscope (TEM), a 10 mm long sample was cut 

from the central part. Then it was cut in half and several consecutive longitudinal thin (0.3 mm) sections of the 

axial region were taken, as shown in Figure 2. Some of the samples were used for testing the sample 

preparation modes. The cut was carried out on a high-precision cutting machine Brilliant-220 (ATM, Germany) 

with a water-cooled abrasive wheel at a speed of 500 rpm and a feed of 15 m/s. Samples for transmission 

microscopy were produced in 2 stages at the TenuPol-5 facility (Struers, Denmark) in the same A3 electrolyte 

(600 ml Methanol, 360 ml Butylcellosolve, 60 ml Perchloric Acid). At the first stage, TEM-object blanks with a 

diameter of 3 mm were etched from a solid plate with a thickness of 0.3 mm; at the second stage, these blanks 

were thinned to form a hole at a voltage of 20 V. In both cases, the region for analysis was the area of 

longitudinal section at a distance of 2-3 mm from the edge of the bar. The resulting images are shown in 

Figure 3. 

    

Figure 3 Microstructure of Zr-1% Nb alloy after radial-shear rolling 
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The microstructure was studied using a transmission electron microscope JEM-1400Plus (JEOL, Japan) at an 

accelerating voltage of 120 kV and an increase of x20000. The resulting images show equiaxially dislocated 

small grains of submicron size (approximately 500-900 nm). Electron diffraction obtained from these areas 

also confirmed the absence of a oriented texture. This type of structure is the most optimal for achieving the 

stated high properties and for further processing by SPD methods in the nanostructured region. 

4.  CONCLUSION 

In the process of radial-shear rolling of bars along the route 37 mm → 20 mm with a total deformation of 

ε ≈ 70 %, an equiaxed microstructure of submicron size was obtained. The nature of the microstructure is 

equiaxed with mainly high-angle boundaries and large crystallographic misorientation of the grains. The 

resulting microstructure is in good agreement with the research data [6-7, 18-20, 24-26]. The paper notes the 

applicability of radial-shear rolling in the deformation of bars made of a Zr-1% Nb zirconium-based alloy to 

obtain a UFG structure. It is advisable to consider the application of the radial-shear rolling process mainly 

towards the end of the technological cycle of manufacturing products. Mini radial-shear rolling mills can be 

used in research work on zirconium alloys as an effective means of warm (0.2-0.4 of the melting point) plastic 

deformation. In this case, the value of one-time compression is recommended to assign no more than 15 % 

when rolling bars from the Zr-1% Nb alloy at the RSP 14-40 mill. The structure obtained in the course of this 

work will be studied at the DC-60 heavy ion accelerator to conduct a comparative analysis of the behavior of 

the metal with UFG and other structures. Rolled bars with a diameter of 20 mm will be used as semi-finished 

products for the production of nanostructured zirconium in bars with a diameter of 14-15 mm. 
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Abstract  

Development of technologies to produce the very fine structure is currently very intensively accelerated. Even 

in scientific research, it is recognized that precisely controlled forming processes, including special processes, 

enabling control of technological parameters with regard to the structure refinement, and tied with the 

strengthening of materials, currently had the highest gradient of utilization efficiency of the scientific research 

findings in practice. Severe plastic deformation (SPD) processes have been extensively investigated in the 

last decade to facilitate the production processes on nano-structured or ultrafine-grained (UFG) materials with 

unique utility properties. This work deals with analysis of utilization the forming equipment that uses a method 

of metal forming - DRECE (Dual Rolling Equal Channel Extrusion), which was designed to produce a material 

with ultra-fine grain structure. Increasing the mechanical properties of the formed sheet metal strip is primary. 

It has demonstrated that the forming method leads to an increase of strength characteristics (Yield strength 

and Ultimate tensile strength) of the investigated medium carbon steel Ck55, while a slight decrease in 

plasticity of the formed steel. DRECE forming method has a positive effect on the microhardness distribution. 

With the increasing number of passes was observed that a HV0.1 difference between lower and upper sheet 

surface decreases to the minimum value, which depends on the processing of the initial state of the 

investigated sheet. The increasing dislocation density of cold severely deformed medium carbon steel resulted 

in an increase of the tensile properties and hardness. 

Keywords: Severe plastic deformation, DRECE method, medium carbon steel, tensile properties, hardness 

1. INTRODUCTION  

Severe plastic deformation (SPD) is a state of the art processing method for production of ultafine-grained 

(UFG) materials by imposing extreme levels of hydrostatic pressure and shear deformation on the material. 

Because UFG materials are superior to coarse-grained (CG) materials in terms of mechanical properties and 

physical characteristics [1]. The SPD process is capable of manufacturing bulk UFG materials and thus has 

great potential for fabrication of various industrial parts [2]. However, the basic SPD process: Equal Channel 

Angular Pressing (ECAP) [3], High Pressure Torsion Straining (HPT/HPTS) [4] and Accumulative Roll Bonding 

(ARB) [5] are limited for practical industrialization because it is hard to apply these discontinuous processes in 

mass-production. 

In order to avoid such obstacles, continuous SPD processes have recently been invented using a variety of 

concepts by applying continuous drag force on a speciment [6]. Most of these are based on the ECAP process 

(e. g., Equal Channel Angular Rolling (ECAR) [7], Single Roll Angular Rolling (SRAR) [8] and most popular 

ECAP-Conform [9]). Because these continuous processes require a large amount of drag force to drive the 

speciment through the deformation zone (channel angular region) where two channels are intersected at a 

certain angle. 
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However, these continuous SPD processes share a common disadvantage in terms of deformation 

homogeneity. They are accompanied by deformation behavior similar to that of the conventional ECAP process 

[10]. In ECAP, the flow velocities between the lower and upper parts of the specimen inevitably differ, which 

results in a deformation gradient in the cross section. This is particularly true of the formation of a less deformed 

region near the lower surface of a specimen [11]. Such heterogenous deformation can degrade the material 

stability associated with mechanical properties and microstructures, which is particularly lethal for metal sheets 

with a small thickness to widths ratio [12]. 

In this paper, we propose a continuous SPD process named „Dual Rolls Equal Channel Extrusion (DRECE)“ 

to induce highly uniform SPD throughout metal sheets by engaging circumferential shear deformation in the 

channel angular deformation process. Because the thickness of the metal sheets is restored to the initial 

thickness after DRECE process, the microstructure and mechanical properties of same thickness specimens 

were investigated by varying the number of repetitive passes. 

1.1. Dual Rolls Equal Channel Extrusion 

The DRECE method is based on the ECAP-Conform methods combination. The material is introduced into the 

working space and then extruded through the feed roller by means of pressure rollers through the shaping tool 

without changing cross-section of the extruded sheet. Severe plastic deformation carried out this way influence 

the change of the structure and mechanical properties in relation to the initial state of investigated material. 

Figure 1 presents the schematic illustration of DRECE process.  

 

Figure 1 Schematic illustration of DRECE process principle 

The DRECE method is a modification/combination of two commonly known SPD techniques: the DCAP 

method (dissimilar channel angular pressing) and ECAP-CONFORM (continuous equal channel angular 

pressing), and it has been developed for forming metal sheets with maximum dimensions of 58x2x1000 mm. 

In this technique, the sample is inserted into the working space and then extruded through the rollers without 

changing their dimension. When comparing the DRECE method to the other commonly known SPD 

techniques, we must remember that the strain accumulation after a single pass is not as high as i.e., in the 

ECAP process. Similar to the ECAP process, the repetitive deformations increase the accumulated strain, 

which affects the microstructure and thus changes the mechanical properties.  The main advantage of the 

DRECE method is the length of the work specimen and the form of the batch material sheet. Such form of the 

batch material is typical (for automotive industry applications).  
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2. INVESTIGATION PROCEDURES 

2.1. Material 

The study material was a cold-rolled metal sheets of a medium-carbon steel Ck55. The chemical composition 

of the tested steel is shown in Table 1. 

Table 1 Chemical composition of investigated steel Ck55 

Element C Mn Si P S Cr Fe 

wt. % 0.55 0.72 0.20 0.02 0.01 0.10 rest. 

2.2. Investigation methods  

The strip sheets of Ck55 with dimensions 58x2x2000 mm were subjected to max. 6 passes by continuous 

severe plastic deformation method DRECE. Before the DRECE process, the upper surface of the investigated 

steel in the contact with the forming tool was coated with Gleit - µ HP 515 lubricant to minimize friction. The 

pressure on the feed roller was 150 bar, while on the pressure rollers (before the deformation zone) 30 bar. 

The rotation speed of the roll was approximately 3 rpm. The processes were repeated in up to six passes 

without rotation of the sheets between each pass (deformation route type A). 

Mechanical properties evaluation of the analyzed steel after individual DRECE passes were determinate by 

using test-stand LVF 100-HM according to the ISO 6892-1.  

The Vickrers hardness was measured under a load 100 g (HV0.1) and a with a dwell time of 10 s. The HV0.1 

was measured across sheet thickness from lower to upper surface. 

3. INVESTIGATION RESULTS 

3.1. Tensile properties 

In the tensile stress-strain curves (Figure 2), both the yield strength (Rp0.2) and ultimate tensile strength (Rm) 

are significantly intensified with increasing number of passes, especially after the first pass. After a low number 

of passes, strengthening mainly by strain hardening becomes prominent and grain boundary strengthening by 

grain refinement is also exhibited with increasing number of passes. Total elongation to failure (A) showed the 

opposite trend, representing the strength-ductility trade off, but there was no significant drop in the ductility 

from the fourth pass to sixth pass results. 

 
Figure 2 Stress-Strain tensile curves of investigated steel 
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After the first DRECE pass, the yield stress (Rp0.2) increased from initial 378 MPa to 588 MPa and Ultimate 

tensile strength (Rm) increased from initial 554 MPa to 642 MPa. Presented results show that strength is 

increased only slightly. After the second pass, the values of of Rp0.2 629 MPa and Rm 672 MPa were achieved. 

The results of tensile strength after the sixth pass decreased to 627 MPa (Rp0.2) and value of Rm increased to 

672 MPa. Due to increasing of dislocation density during severe plastic deformation at room temperature, the 

plasticity of investigated steel decreases. The elongation to failure (A) decreased from initial 33% to 18.3% 

(after the sixth DRECE pass). 

3.2. Microhardness distribution 

Figure 3 shows HV0.1 evolution in thickness, depending to DRECE passes. Above all, the remarkable point 

in the hardness results is that the region in the vicinity of the lower surface, where the conventional ECAP 

process imposes significantly less deformation, becomes hardened to a degree similar to that in the upper 

surface region. Therefore, the hardness distribution in the DRECE-processed sheet is more homogeneous 

than in the conventional ECAP-processed bar, which is a distinctive feature of the DRECE process.  

 
Figure 3 Vickers HV0.1 microhardness distribution from the lower to upper surface of the initial state and 

DRECE-processed sheets 

4. CONCLUSION 

In conclusion it may be stated that the forming device that is uses for a new method of metal forming DRECE 

(Dual Rolling Equal Channel Extrusion) meets the requirements for achievement of higher mechanical 

properties of Ck55 sheets without changing the dimensions of the formed sheet metal strip (cross-section) and 

extruded wire in accordance with the default theoretical prediction.  

The results gained from the investigation are used to verify strain states in developing a DRECE technology. 

The obtained results show that the two passes of the sheet by the processing tool is the optimum number of 

passes to increase the mechanical properties of all verified materials. Furthermore, these mechanical 

properties decrease, which is caused by depletion of the stock of material plasticity. The parameters of the 

ultimate strength and the yield value rise at the expense of elongation, which is undesirable due to application 

in industry. In further research work it is necessary to propose a suitable type of heat treatment in terms of 

maintaining prestraining of the material and a slight decrease in ductility. 

From the physico-metallurgical point of view has been demonstrated real possibility of applying new 

technologies (resp. forming methods) for refining the material structure and thus an increase of mechanical 

properties of metallic materials. Further developments could point to adjust the forming equipment for the 
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possibility of integration into production lines. Future commercial outputs are semi-finished products of higher 

quality with high strength and reduced weight, replacing the currently used materials. 
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Abstract  

In this article a continuous severe plastic deformation (SPD) process entitled dual rolls equal channel extrusion 

(DRECE) for producing ultrafine-grained (UFG) microstructure of thin sheets is presented. The DRECE 

process combines conventional equal channel angular pressing (ECAP) process and continual CONFORM 

process, and it can be easily scaled for industrial use. Keeping constant both the cross section and the length 

of the severely deformed strip of sheet, the DRECE method promotes a refinement of the microstructure. The 

effect of post SPD annealing at different temperatures (150 °C, 180 °C, 200 °C, 250 °C, 300 °C and 350 °C) 

for 30 minutes on the stability of severely deformed microstructure of investigated AlMg3 aluminium alloy. The 

initial grain size was ~ 7.9 μm and was reduced to 6.8 μm with maximum density of dislocation after 6 passes 

at room temperature, which were accompanied by the formation that is typical for low strain structures. The 

annealing treatment at temperatures lower than 180 °C did not affected the microstructure significantly. A 

continuous grain growth occurred at higher temperatures (180 °C - 300 °C) due to the continuous 

recrystallization. A bimodal microstructure having a bimodal dislocation density distribution was obtained 

through the discontinuous recrystallization at 350 °C. The annealing led to some sort of bimodal grain mixture 

with the larger grains embedded in the severely deformed structure that provide and excellent combination of 

strength and ductility. Therefore, the DRECE process could be a promising industrial SPD method to 

continuously produce advanced construction materials with the advantages of energy and cost saving and 

high process efficiency.   

Keywords: Aluminium alloy, severe plastic deformation, microstructure, EBSD, microhardness 

1. INTRODUCTION 

It is well known that metallic materials processed by severe plastic deformation have ultrafine-grained 

microstructure and exhibit enhanced utility properties [1-3]. Low thermal stability of the UFG microstructure 

due to the high energy accumulated during SPD is one of the problems associated with the application of UFG 

materials in industry [4-5]. 

During severe plastic deformation of Al-Mg based alloys, the mechanical properties and physical properties of 

the alloy change. The strength significantly increases, while ductility and deformation capacity decreases. The 

properties depend on the deformation. This is because the crystal lattice distorted in the deformed particles 

and the dislocation density increased [6-7]. 
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In the deformed crystal lattice, the atomic distance is changed from the initial minimum energy state. 

Depending on the degree of displacement, the atoms get extra energy. Whereas, the distance among the 

atoms mostly determined by the deformation, it might say, that higher forming gets extra stored energy. During 

the cold SPD, the grain boundaries and the dislocations move on, while new dislocations are generated. The 

amount of dislocations is varied by the penetration or the tearing out of atomic-lines. The increased dislocation 

density prevents each other in the movement, following forming needs higher stress [8]. The materials aim to 

reach the lowest-energy state. The raising of the temperature provides the opportunity to start the necessary 

diffusion process. The diffusion (thermally activated process) is stimulated by the energy state difference 

between the initial and the final conditions. Result of the annealing, the internal stress, the hardness, and the 

strength values return to the state before forming. The amount of dislocations also returns to its equilibrium 

value. In the structure of the material new seeds appear, and solid-state crystallization occurs. Higher value of 

accumulated deformation energy causes higher stored energy, which results the decrease of the transition 

temperature [9].  

In this article, the microstructure evolution of AlMg3 aluminium alloy processed by cold severe plastic 

deformation method DRECE (Dual Rolls Equal Channel Extrusion) [10] during annealing is investigated. 

2. INVESTIGATION PROCEDURES 

The investigation has been carried out on commercial AlMg3-H111 aluminium alloy sheets. The chemical 

composition of the alloy is given in Table 1. 

Table 1 Chemical composition of investigated alloy AlMg3 

Element Mg Si Mn Fe Cr Cu Zn Ti Al 

(wt. %) 2.6-3.6 
max. 
0.40 

max. 
0.50 

max. 
0.40 

m.x. 
0.30 

max. 
0.10 

max. 
0.20 

max. 
0.15 

rest. 

The AlMg3 strips of sheet were lubricated by Li/Ca with addition of MoS2 grease. The strips were subjected 

to six passes through DRECE with a constant extrusion speed of 70 mm/min and without changing the sample 

orientation between subsequent passes (deformation route A). A detailed description of DRECE forming 

method is given in [11].  

To investigate the thermal stability of the microstructure after six passes, the samples were subjected to 

isothermal annealing at 150 °C, 180 °C, 200 °C, 250 °C, 300 °C and 350 °C respectively for 30 min. 

The microstructures were examined using a light microscope Axio Observer Z1. To reveal the grain size and 

morphology, the samples were mechanically ground and polished and then electrolytically etched using 

Barker’s reagent. To study the microstructural evolution in a greater detail, the AlMg3 aluminum alloy samples 

were twin-jet electropolished in an electrolyte containing 20% nitric acid and 80% methanol at a temperature 

of -30°C and 20 V for 15 s. Then, the grain structure was recorded by orientation imaging microscopy (OIM) 

using the electron backscattered diffraction (EBSD) technique integrated with a Zeiss Supra 35 Scanning 

Electron Microscope controlled and analyzed using OIM software. 

3. INVESTIGATION RESULTS 

Figure 1a show an optical micrograph of the investigated alloy in an initial state. It can be seen the typical 

microstructure built of equiaxed grains. The AlMg3 matrix coexist of a Mg in solid solution with fine dispersoids 

of Mg2Si and Al6Mn phases.  

As compared with the initial state of microstructure (Figure 1a), the grain size is after six passes (Figure 1b) 

not reduced significantly. Areas of different crystallographic orientations inside individual grains are visible. 

Throughout subsequent passes, the grains remain equiaxed and almost constant in size. 
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a) b) 

Figure 1 Microstructure of AlMg3 alloy: Initial state (a) and after the six DRECE passes (b) 

Figure 2 shows the EBSD colored inverse pole figure (IPF) maps of the AlMg3 alloy samples in an initial state 

and after six DRECE passes. The IPF image of the initial state sample (Figure 2a) demonstrates that the 

microstructure is composed of equiaxed grains. The measured average intercept length prior deformation is 

~7.9 µm. Figure 2b shows the microstructure of the sample subjected to six DRECE passes. In this state, the 

microstructure consists of grains covered with deformation bands having a low angle misorientation. This type 

of microstructure is typical for aluminum alloys subjected to low strains. The measured average intercept length 

after six DRECE passes slightly increases to ~ 6.8 µm. 

  

a) b) 

Figure 2 IPF maps of AlMg3 alloy: Initial state (a) and after the six DRECE passes (b) 

Light microscopy characterization of the grain microstructure of the AlMg3 alloy annealed at 150 °C, 180 °C, 

200 °C, 250 °C, 300 °C and 350 °C is shown in Figure 3. It is apparent that during annealing at 150 °C, the 

process of recovery dominates (Figure 3a). This is accompanied by a substantial dislocation density decrease 

from 7.6 x 1014 m-2 in the as-deformed condition to 4.7 x 1014 m-2, as shown in Figure 4a. During annealing at 

180-300 °C, the entire microstructure undergoes continuous recrystallization followed by grain growth  

(Figures 3b-e). The first influence of annealing is visible in the sample annealed at 180°C (Figure 3b). In this 

condition, small recrystallized grains can be observed in the microstructure. The formation of the new grains 
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is accompanied by a continuous dislocation density decrease to 4.4 x 1014 m-2. The DRECE processed 

structure changes completely into coarse-grained and is approximately equiaxed with an increase in annealing 

temperature, obviously, as illustrated in Figure 3e. This is followed by a gradual dislocation density decrease 

to 2.1 x 1014 m-2. It is worth mentioning that for the sample annealed at 350°C, the microstructure exhibit 

characteristics of both uniform coarsening and, in several places, of discontinuous recrystallization  

(Figure 3f). Thus, the obtained microstructure is bimodal, and the formation of the bimodal microstructure is 

accompanied by a slight dislocation density growth to 3.2 x 1014 m-2. This is due to the presence of the new 

annealed microstructure that gives rise to compressive stress fields to the surrounding small-sized grains, 

resulting in a relatively lattice distortion and enhancing the dislocation density. 

 

Figure 3 Microstructure of severely deformed AlMg3 alloy: annealed at 150°C (a); 180°C (b); 200°C (c); 

250°C (d), 300°C (e) and annealed at 350°C (f) 

  
a) b) 

Figure 4 Effect of annealing temperature on: Dislocation density (a) and Vickers microhardness (b) 

It is evident, as shown in Figure 4b, that the HV hardness decreases rapidly from an initial value of ~ 95.6 

after six DRECE pass samples to 86.1 HV after 30 min of isothermal annealing at 150 °C. It is due to the 

ongoing recovery processes and is accompanied by a rapid dislocation density decrease. In this condition, the 

changes in the grain size are almost indistinguishable (Figure 3), and there is no evidence of the 
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recrystallization processes. With an increase in an isothermal annealing temperature up to 180-200 °C, 

hardness decreases slightly to ~79.2 HV. The first evidence of the recrystallization and grain growth can be 

observed in the sample isothermally annealed at 250 °C. This phenomenon is accompanied by a dislocation 

density reduction and hardness decrease to ~ 59.2 HV. Annealing at 300 °C causes a more significant grain 

growth. However, despite the observed microstructural changes, the hardness remains almost unchanged. 

When the material is subjected to isothermal annealing at 350 °C, a slower softening rate is observed. In 

addition, the obtained microstructure is different: bimodal. This occurs because some grains have a much 

faster growth rate than others. Such a bimodal microstructure is inhomogeneous and is built of recrystallized 

and recovered grains and volumes with an unchanged distorted thermodynamically metastable structure; 

therefore, it combines the effects of the larger grains, which cause softening and the ultrafine grains that 

increase the mechanical properties. 

4. CONCLUSION 

In this article the evolution of microstructure, dislocation density and microhardness of commercial AlMg3 

aluminium alloy, subjected to continuous severe plastic method, called DRECE, and subsequent annealing at 

different temperature were investigated. The main conclusions of presented research are summarized below. 

The grain boundary maps for the EBSD data revealed that the fraction of low angle grain boundaries (LAGBs) 

increases along with an increasing number of DRECE passes. The DRECE process introduces a network of 

LAGBs, which may transform into HAGBs with further processing, especially if new shear planes will be 

activated. 

The post-DRECE annealing of six passes of AlMg3 alloy samples at temperatures lower than 180 °C did not 

affect the microstructure significantly, indicating that recovery dominates. A continuous grain growth occurred 

at higher annealing temperatures (180°C-300 °C) due to the continuous recrystallization. A bimodal 

microstructure having a bimodal dislocation density distribution was obtained through the discontinuous 

recrystallization at 350 °C. 

The hardness measurements of the annealed sample were consistent with the microstructural and XRD study. 

Grain coarsening led to a stepwise hardness decrease and resembled softening due to recovery before 

recrystallization. After annealing at the highest temperature (350°C), the alloy microhardness significantly 

decreased to a value lower than that of the initial state alloy. 

The difference in softening behavior reported in this study as a function of increasing annealing temperature 

is in line with competitive recovery-recrystallization kinetics, where a lower isothermal annealing temperature 

results in a gradual hardness decrease and resembled softening due to recovery, while at higher temperatures 

where recrystallization processes arise quickly, softening is faster. 
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Abstract 

A possible alternative to the established press hardening steel 22MnB5 are hot formed martensitic chromium 

steels. Both strength and ductility of the martensitic chromium steels can reach very high values with 

appropriate heat treatments. Therefore, car body parts with high crash safety can be produced by hot forming 

martensitic chromium steels. To identify the formability of a sheet metal, forming limit curves are state of the 

art. Conventional forming limit curves are recorded at room temperature and do not adequately describe the 

forming capacity for hot sheet metal forming as it strongly depends on temperature. Therefore, in this paper, 

an experimental-numerical method for determining quasi-isothermal FLC at high forming temperatures is 

applied to the martensitic chromium steel AISI 420C (X46Cr13) for forming temperatures between 750-

1,050 °C according to its process route. The results show an increase of the formability with rising forming 

temperature with the highest at 1,050 °C. 

Keywords: Experimental-numerical material characterisation, Hot FLC, Hot sheet metal forming, Martensitic 

chromium steel 

1. INTRODUCTION 

The use of hot formed components has gained significantly in importance, especially in the automotive 

industry. This is due to the increasing demands on car body components in terms of weight reduction in order 

to reduce CO2 emissions or extend the range of electric cars, maintaining the same stiffness and also 

increasing crash safety. In this context, hot forming processes such as press hardening, were established for 

the production of structural parts [1]. In this process, usually manganese-boron steels are used, which are first 

austenitised in a furnace. In the next step, the blanks are transferred to a tool, in which the forming and 

hardening process is carried out. Press hardening can be used to produce high mechanical properties. 

Strengths of more than 1,500 MPa and elongations at fracture up to 7 % can be achieved using 22MnB5 [2]. 

Examples of press-hardened structural parts of the car body are the A- and B-pillar, roof frame, and tunnel. A 

possible alternative to 22MnB5 is the use of martensitic chromium steels such as AISI 420C (X46Cr13) in hot 

sheet metal forming. Hot forming with subsequent heat treatment of AISI 420C opens up the possibility to 

achieve high strengths with significantly higher elongation at fracture in contrast to press hardening of 22MnB5. 

Maximum tensile strengths of up to 1,850 MPa and simultaneously elongations at fracture of more than 12 % 

can be achieved [3]. A further advantage is the lower critical cooling rate to produce a martensitic 

microstructure [4]. Nowadays, FE simulations are often used as a numerical calculation method for designing 

press hardening processes. By simulating the press hardening process, the number of time-consuming and 

expensive practical tests in the design phase can be minimised. Within the FE simulation of press hardening, 

interactions between the thermal, mechanical and material-related parameters have to be taken into account 

[5]. In order to take fully advantage of the maximum formability of a process, it is of great interest to determine 

the moment of material failure during the numerical design of the press hardening process. The use of forming 

limit curves (FLC) is the state of the art for determining the forming limit of sheet metal materials [6].  
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2. FORMING LIMIT CHARACTERISATION AT HIGH TEMPERATURES 

2.1. State of the art 

FLC are currently used for simulation-based predictions of material failure due to necking or crack occurrence 

[7]. A FLC describes strain states in the sheet plane that can be tolerated by the material without failure while 

forming. The geometry of the specimens, the equipment, the execution and the evaluation of the tests to 

determine the FLC are specified in the international standard ISO 12004-2 for room temperature [8]. Nakajima 

experiments are one way of recording FLC. The test set-up for Nakajima experiments consists of a 

hemispherical punch with a diameter of 100 mm, a drawing ring and a blank holder. The aim of the test is to 

set and record the deformation under defined strain combinations using specimen geometries of different 

widths. Since the flow properties and the forming limit of a material both strongly depend on the forming 

temperature, conventional FLC do not adequately describe the forming limit of a sheet material during hot 

forming [9]. To perform temperature controlled FLC above 500 °C, various approaches can be found in 

literature, where modified Nakajima set-ups are used [10-12]. Based on the recorded data, it can be concluded 

that the forming limit rises with increasing temperature [13]. There are various challenges occurring in the 

performing of hot FLC experiments compared to the standardised testing at room temperature, which are 

solved in different ways in the literature leading to different result qualities. 

According to ISO 12004-2, a lubricant system consisting of a sandwich arrangement of PTFE foil, grease, soft 

PVC and again grease is recommended in order to reduce friction between punch and specimen and thus 

induce failure as close as possible to the pole tip [8]. This type of tribological system is not suitable, as the 

recommended lubricants are not designed for such high temperatures. Shi et al. used a mixture of graphite 

and molybdenum disulphide on the punch as a lubricant, but this led to a far off-centre failure [14]. Pellegrini 

et al. described two possibilities of lubrication [15]. In the first test series, a thin graphite foil was applied as 

lubricant between the punch and the specimen. In the second test series a punch with PVD coating based on 

AlCrN and additionally boron nitride was used. The digital image calculations indicated improved friction 

properties and a more centred failure of the specimen compared to Shi et al. [14]. Li et al. and Min et al. used 

a piece of asbestos paper between the punch and the specimen in order to reduce the heat transfer and 

minimise the cooling of the specimen [13,16]. Unfortunately, this led to bad friction conditions resulting in a 

crack appearance far from the centre of the specimen. 

A further problem is to ensure isothermal test conditions at elevated temperatures. The tool of Shi et al. could 

be heated up to a forming temperature of 800 °C in order to ensure an isothermal environment during the test 

[14]. The test carried out by Li et al. and Min et al. were performed with a cold tool, a forming speed of 30 mm/s 

and asbestos paper as isolation between punch and specimen [13,16]. The resulting problem was that the 

specimen was still in contact with the unheated blank holder as well as the die, thus losing heat. Furthermore, 

the increased forming speed compared to the standard of 1.0-2.0 mm/s from ISO 12004-2 [8] ensured a lower 

heat loss, but the failure behaviour of a material depends on the forming speed. The tools of the test rigs from 

Pellegrini et al. were heated to forming temperatures of up to 700 °C with heating cartridges in order to carry 

out the test isothermally [15]. In the described investigations, the maximum forming temperature while testing 

was 800 °C. 

In the standard for recording FLC at room temperature ISO 12004-2 it is recommended to record the forming 

during the test with an optical measuring system in order to determine the time of failure precisely and to 

calculate the strains occurring on the basis of the stochastic pattern (online measurement) [8]. Circular patterns 

were applied by laser by Shi et al. and by chemical etching by Li et al. and Min et al. [13,14,16]. The evaluation 

was then performed offline using the deterministic circle pattern. Pellegrini et al. sprayed a stochastic pattern 

of boron nitride on the specimen and performed the measurement online with the optical measuring system 

Aramis [15]. With increasing forming temperature, the online measurement becomes more problematic. The 

stochastic pattern must be heat resistant and usually more scale is produced at higher temperatures. The 
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temperature stability for spray paints is often exceeded after 500 °C. In addition, heat flicker increases with 

rising forming temperature, making online measurements more difficult. 

Therefore, for FLC determination above forming temperatures of 800 °C a new method is required considering 

isothermal testing conditions, an appropriate good tribological system and online measurement while testing. 

2.2. New method for determination of isothermal hot FLC 

To perform an isothermal FLC test, an experimental test set-up has been developed. The optical measuring 

system Aramis from GOM GmbH and the test apparatus with thermal container as well as gas pressure springs 

are installed in a servo-hydraulic forming simulator from the company Instron (Figure 1).  

 

Figure 1 (A) Isothermal hot FLC test set-up and (B) close-up of the thermal container 

The thermal container, shown schematically in Figure 2 A, consists of a punch, an upper as well as a lower 

vessel and serves to maintain the forming temperature. When carrying out the tests for AISI 420C, the 

specimen is heated first to 1,150 °C for 5 min in a furnace. The austenitisation temperature and time are 

defined based on the industrial process route to set the optimal mechanical properties of the material [17]. In 

parallel, the container is heated to a temperature above the forming temperature in another furnace. For 

example, a forming temperature of 750 °C requires a container temperature of 800 °C. After heating, the 

specimen is transferred to the thermal container in the other furnace and subsequently both are installed in 

the test device. The measured forming temperature after transferring the thermal container is in the considered 

example approx. 750 °C. Other forming temperatures are determined experimentally in the same way. The 

thermal container and thus the specimen are clamped by the gas pressure springs with a holding force FS of 

60 kN. The forming simulator moves the punch in the thermal container with a punch speed vP of 3 mm/s. 

During the experiments, the specimen deformation is measured by the optical measuring system GOM Aramis 

using a stochastic pattern of aluminium oxide powder on the specimen surface. Graphite foil is applied as a 

lubricant to reduce friction. Used specimen geometries are scaled standard Hasek specimens shown in 

Figure 2 B [18]. 

Due to the high austenitisation temperature of 1,150 °C, the heat resistance of a conventional stochastic 

pattern by spray paint was exceeded. Therefore, an aluminium oxide powder has to be used to apply the 

pattern. In order to withstand the heat treatment, the stochastic pattern could only be applied roughly and 

hence only large facets can be used for the calculation of the FLC by digital image correlation. However, the 

strain calculation depends on the facet size, so that large facets underestimate the occurring strains. The 

displacement in z-direction, on the other hand, is relatively independent of the facet size. Therefore, the 
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calculation of the major and minor strains was done using a numerical model. A digital twin is created with the 

FE software Simufact Forming 16. The geometry of the model is based on the dimensions of the thermal 

container and the associated boundary conditions are derived from the experiments. The experimental z-

displacement at failure sP for each specimen geometry measured by the optical measurement system is used 

in the simulation for defining the moment of material failure. The simulation model and the experimental-

numerical FLC determination are shown more detailed by Stockburger et al. in [19]. Major and minor strains 

are analysed in each specimen geometry to create the hot FLC. With this test set-up and determination 

method, it is possible to record quasi-isothermal hot FLC at very high temperatures above 1,000 °C. By this 

means, the forming limit of AISI 420C for a forming temperature of 750-1,050 °C has been characterised. 

 

Figure 2 (A) Schematic illustration of the thermal container and (B) used hot FLC specimen geometry with 
widths in mm 

3. RESULTS AND DISCUSSION 

Figure 3 A shows specimens of different widths after testing with graphite foil as lubricant at a forming 

temperature of 900 °C. In addition, a tested specimen without lubricant is depicted. The crack occurs centred 

for all specimens with lubrication and particularly centred for the specimen with a width of 160 mm in 

comparison to the specimen without lubricant due to a better tribological system. The temperature in the middle 

of the specimen surface during forming was measured with an infrared sensor. Temperature over time curves 

are pictured exemplary for the specimen with a width of 50 mm for two retries in Figure 3 B. After the specimen 

gets into contact with the punch (approx.1 s), the temperature rises slightly and remains almost constant until 

the end of testing. 

The determined major and minor strains using the experimental-numerical method are illustrated in Figure 4 A 

for the five examined specimen geometries of AISI 420C in 1.5 mm. Furthermore, hot FLC for forming 

temperatures of 750 °C, 900 °C and 1,050 °C are calculated based on this data. The curves are also presented 

in Figure 4 A. It can be identified that the forming limit is the highest at 1,050 °C and is reduced with lower 

forming temperature. Interestingly enough, the major strain at 1,050 °C and 900 °C is almost constant for the 

specimens with widths of 95 mm and 160 mm. Usually, for FLC at room temperature a rise from the area of 

plain strain to biaxial tension can be observed [20]. It is assumed that the major strain is underestimated for 

the specimens with widths of 95 mm and 160 mm, because the friction system is not as good as at room 

temperature, which has a higher influence for these specimens. The hot FLC can be plotted as a 3D surface 

function (Figure 4 B), which illustrates the influence of the forming temperature well and can be used in a 

numerical simulation as failure criterion. Compared to literature, improved lubrication and thus more centred 

failure of the specimen is achieved. However, the friction system is still not as good as at room temperature 

by ISO 12004 [8]. Although online strain calculation is not possible as suggested in [8], the moment at which 
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the specimen fail is determinable using online measurement leading to a higher precision than offline 

measurement. Nevertheless, by using a heated thermal container, it is possible for the first time to record FLC 

isothermally for temperatures over 1,000 °C. 

 

Figure 3 (A) Hot FLC specimen after testing with as well as without lubrication and (B) measured 

temperatures at the specimen surface for the hot FLC specimen with width of 50 mm while forming 

 

Figure 4 (A) Experimental-numerical hot FLC of AISI 420C in 1.5 mm for forming temperatures of 750 °C, 

900 °C as well as 1050 °C and (B) 3D mapping of the hot FLC as surface function 

4. CONCLUSION AND OUTLOOK 

This study presents an experimental-numerical method for determining FLC at high temperatures. Quasi-

isothermal FLC tests for AISI 420C in 1.5 mm thickness were performed between 750-1,050 °C. The strains 

at failure were calculated numerically and hot FLC were generated based on the results of the digital twins. In 

the following work, the material data will be implemented in a simulation model the design of hot forming 

processes and the hot FLC will be validated by experimental hot sheet metal forming tests. 
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Abstract 

Low-alloy steel 16Mo3 is often used for tubes and other components of the pressure system of a boiler 
operating at elevated temperature (up to 530 °C). Long-term exposure of low-alloy steel components at 
elevated temperatures inevitably result in some kind of structural degradation; for example, creep cavitation, 
carbide coarsening and/or spheroidization, and, less commonly, also graphitization. Graphitization can be 
detected mainly in carbon steels, but also in 16Mo3 steel where the ferritic matrix is strengthened by Mo in the 
solid solution. The absence of strong carbide forming elements (typically Cr, V, Nb) is the principal reason why 
these steels are susceptible to cementite decomposition and graphitization much more than the other creep 
resistant steels. 

The paper describes microstructure and material properties of superheater 16Mo3 tube, in which graphite was 
found after 70.000 hours of exposure at 445 °C. The actual material properties were compared to another tube 
of the same material delivered in the as-received state. The comparison was based on evaluation and testing 
of mechanical strength, fracture properties and microstructure. Creep resistance of the steel was studied using 
small punch creep tests (SPCT). 

Keywords: 16Mo3 steel, superheater tubes, graphite, microstructure 

1. INTRODUCTION 

The presented paper deals with the analysis of microstructure as well as material properties of a superheater 
tube made of 16Mo3 steel after 70.000 hours of exposure at 445 °C. Previous analysis performed on the 
similar tube of the same boiler revealed dark particles of irregular shape in the microstructure. The aim of this 
analysis was to confirm whether these particles are graphitic or not and how they could influence the material 
properties and creep resistance of the tube. 

Graphitization and graphitization failure can be the cause of microstructural degradation and deterioration of 
mechanical properties especially in carbon and carbon-molybdenum creep resistant steels [1].  

2. GRAPHITIZATION OF BOILER STEELS 

Graphitization can be defined, in general, as the formation of free carbon, C (graphite), in iron or steel. While 
graphite formed during the solidification process is called primary graphite, when it forms by the transformation 
of metastable metallic carbides during following solidification, it is called secondary graphite. The most 
common process of secondary graphitization involves the decomposition of pearlite by transformation of the 
cementite Fe3C at elevated temperature into iron and graphite (eq. 1): 

Fe3C  3Fe + C                                                                                          (eq 1) 

The age-related graphitization of carbon and/or low-alloy steel in elevated-temperature fossil plants (or other) 
service is an example of secondary graphitization. In contrary to expected primary graphitization (e.g. in the 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

358 

case of cast iron), the in-service phenomenon in carbon and low-alloy steels is unintentional and sometimes 
results in material properties change that can shorten lifetime of the operating component [1]. 

Existence of graphite in boiler steels was proven long time ago and mainly concerned carbon and molybdenum 
steels. FARROW [2] summarized these results in his work, which mentioned cases of graphitization of C-Mo 
steels and subsequent pipeline accidents in conventional power plants. Graphite formed by the decomposition 
of cementite can precipitate in a steel in three different morphologies: 

 randomly distributed nodules similar to malleable cast iron, 
 segregation bands along isotherms generated during preheating or previous temperature effect,  
 dispersed particles along the deformation bands. 

The most dangerous is the presence of graphite in segregation bands because this form of graphite is preferred 
in heat-affected zone of welded joints. This is a direct effect of the heating of this area to a temperature around 
the Ac1 temperature. 

Graphitization itself consists of nucleation and growth of particles and involves the decomposition of cementite, 
the diffusion of carbon and its precipitation at suitable nucleation sites. Similarly to the other transformation 
processes involving the nucleation and growth of a new phase, the temperature dependence of graphitization 
has a maximum, typically at a temperature range 550 - 600 °C, but the occurrence of graphite, especially in 
non-alloyed steels, can be observed even at temperatures around 400 °C. Graphitization of steels can be 
relatively easily prevented by the addition of either alloy or trace elements with a high affinity to carbon, where 
the resulting secondary carbides have a sufficiently high thermodynamic stability. These elements can also 
reduce the mobility of the carbon and its diffusion rate and thus help to prevent graphitization. In contrast, 
some accompanying elements and gases stimulate graphitization by increasing the density of potential 
nucleation sites in the steel for the formation of graphite nuclei.  

Silicon, nickel, copper, boron and especially aluminum significantly accelerate the graphitization of steel. These 
elements are generally characterized by a low affinity for carbon and so they increase the chemical activity of 
carbon in steel. It has been shown that, in particular, steels with higher aluminum content are highly susceptible 
to graphitization. Local plastic deformation can significantly affect the process of graphitization of steels a very 
significant effect is also attributed to local stresses and deformations in heat-affected zones of the weld, where 
continuous mesh graphite can cause destruction of strength and integrity of the weld. 

Steel 16Mo3 is alloyed with molybdenum from 0.25 to 0.35 wt%. Except of carbon steels this steel grade is 
the only one among low-alloyed creep resistant steels which can be susceptible to graphitization due to 
relatively low molybdenum concentration when substantial part of it remains in the solid solution and does not 
form special carbide. The influence of aluminum is critical even in this case, as was observed many times [3,4] 
and the significant effect of deformation on the kinetics of graphitization of steel was confirmed, too. The 
presence of non-metallic inclusions itself is not necessary condition to form graphite in the microstructure, but 
that the presence of a sufficient amount of carbon is probably crucial. The effect of graphite presented at grain 
boundaries lies in facilitation of interconnection of the intergranular defects and thus the reduction of the service 
life of components operating in the creep conditions. 

However, the exact effect of aluminum in the base metal (i.e. not in the welded joint) on graphitization and the 
mechanism by which graphite reduces the heat resistance of steels has not yet been clearly demonstrated. 
There are two main effects: 

1) decomposition of carbides and carbon removal from the steel with subsequent "softening" of the matrix 
accompanied by excessive plastic deformation of more than 100 %, 

2) local interconnection of defects along grain boundaries powered by easy crack propagation through 
graphite particles. 

The effect of aluminum in low-alloy boiler steels depends on the form of its presence in the steel, i.e. on the 
ratio of aluminum bound in oxides and/or nitrides and aluminum dissolved in the solid solution. While a part of 
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aluminum content bound to oxygen and nitrogen in the steel has a positive effect on refining the austenitic 
grain and increasing the toughness of the steel, the effect of the excess (above-stoichiometric) aluminum 
content is exactly the opposite. Aluminum in higher concentration promotes the graphitization of steel, which 
makes it significantly different from other deoxidizing elements that form stable carbides and /or nitrides. 

3. EXPERIMENTAL MATERIAL 

The properties of a superheater tube made of 16Mo3 steel, where graphite occurred in the structure after 
70.000 hours exposure at 445 °C, were analysed. Material properties of this tube were compared to the tube 
of the same grade in the as-received state, as well as to the properties of a tube of the same superheater 
tested after 56.000 hours of exposure in 2012. The mechanical properties, fracture properties and 
microstructure were evaluated and assessment of creep properties was performed using small punch test 
method.  

Chemical composition of both exposed tubes and the as-received tube is given in Table 1 together with the 
nominal chemical composition of the steel 16Mo3 stated in the material standard. 

Table 1 Chemical composition of 16Mo3 tubes [wt%] 

Tube C Mn Si P S Mo Cr Al N Cu 

16Mo3 exposed - 56.000h 0.20 0.65 0.28 0.010 0.022 0.35 0.01 - -  

16Mo3 exposed - 70.000h 0.21 0.58 0.26 0.008 0.008 0.28 0.05 0.023 0.010  

16Mo3 - as received 0.19 0.69 0.25 0.009 0.005 0.27 0.19 0.018 0.013  

16Mo3 - ČSN EN 10 216-2 [5] 
0.12 
0.20 

0.40 
0.90 

max. 
0.35 

max. 
0.025 

max. 
0.010 

0.25 
0.35 

max. 
0.30 

max. 
0.040 - max. 

0.30 

The chemical composition of all tubes is in good agreement with the nominal composition of steel 16Mo3 
according to standard. The difference between both creep exposed tubes confirms the fact, that both tubes 
were produced from different heats. Tube after 70.000 hours and in as-received state have very similar 
composition, they differ slightly in the aluminum content. The aluminum content of these tubes is lower than 
the limit 0.025 wt%, which is regarding as “safety” aluminum amount considering graphitization [6].  

4. RESULTS OF PERFORMED ANALYSES 

The mechanical properties, especially tensile strength and hardness again confirmed the fact that the original 
heats were different and, at the same time, they had higher yield strength than the tube tested in the as-
received condition and, therefore, also higher yield-to-tensile strength ratio. However, it is difficult to access if 
it is the trend or the only random feature. (see Table 2). 

Microstructure of exposed tube after 70.000 hours was evaluated on the cross section of tube. There were 
revealed numerous graphitic particles in the nodular form especially in the middle part of tube wall (Figure 1). 

Table 2 Mechanical properties of 16Mo3 tubes 

Tube Rp0.2 [MPa] Rm [MPa] A [%] Rp0.2/Rm [-] HV [-] 

16Mo3 exposed - 56.000h 424 487 33.1 0.89 177 

16Mo3 exposed - 70.000h 348 445 38.5 0.78 135 

16Mo3 - as received 326 531 31.7 0.61 190 

16Mo3 - ČSN EN 10 216-2 [5] min. 280 450 - 600 min. 22 - - 
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  Figure 1 Graphite nodules in the wall of exposed tube (70.000h) - polished 

The microstructure of tube consists of ferrite with coarse carbides on its grain boundaries and just locally 
carbide precipitate as decomposed perlite/bainite (see Figure 2). 

 

Figure 2 Graphite particles in the ferritic structure        Figure 3 Typical EDX spectra of graphite partiles 

Presence of graphite in the structure was confirmed by X-ray microanalysis which confirms that they are realy 
graphite particles. The typical EDX spectra are shown in the Figure 3. The occurrence of graphite in the 
structure of the exposed tube probably influenced the mechanical properties, although did not lower impact 
toughness (see Table 3). The impact toughness was evaluated using subsized specimens 5 x 2.5 x 32 mm 
(tube 7.000 h) and 5 x 3 x 32 mm (as-received tube). 

Exposed tube showed very similar impact toughness as the as-received tube, regardless the presence of 
graphite particles in the microstructure. The analysis of fracture surface performed by electron microscope 
JEOL JSM-5510 showed transgranular ductile fracture with prevailing small dimples, but some large and deep 
dimples were observed, too, see Figure 4. These large holes could be initiated on the particles of graphite but 
due to the fact that they were deep, it was not possible to perform EDX microanalysis of the possible particle 
inside them. 

Table 3 Impact toughness of as-received and exposed tubes  

Tube 1 2 3 KCV [Jcm-2] 

16Mo3 exposed 70.000 h 107 145 104 119 

16Mo3 - as-received 109 108 100 106 
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Figure 4 Fracture surface of Charpy-V impact test of exposed tube 

5. RESULTS OF SMALL PUNCH CREEP TESTS 

Small punch creep tests (SPC tests) were performed on discs of ø 8 mm x 0.5 mm at temperature 575 °C in 
the load range from 330 to 500 N. All SPC tests were performed under a protective argon atmosphere on 
SPUTT 500 testing machine designed and developed in MMV Ostrava.  

  

Figure 5 Relation between time to rupture and load 
(A.R. = as-received, EXP = exposed) 

Figure 6 Load dependence of minimum deflection 
rate (A.R. = as-received, EXP = exposed) 

The results are stated in Figure 5 in the form of relation between load and time to rupture and in Figure 6 as 
load dependence of minimum deflection rate. The results for the exposed tube have unlikely low slope, which 
could be caused due to graphitization and greater scatter of the individual results. What is however evident, is 
the fact that all test specimens in the as-received state had for the same loading longer time to rupture as well 
as lower minimum deflection rate, in general higher creep resistance. 

6. DISCUSSION 

The analysed 16Mo3 tube had exposure parameters and chemical composition that would not necessarily 
lead to graphitization. It has relatively low aluminum content and was operated at temperature significantly 
lower than the maximum graphitization temperature (550 - 600 °C). Graphitization was also observed in the 
whole tube, not only in heat affected zone or their critical parts of the structure. In spite of this fact graphitization 
occurred, which may mean that either:  
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 the temperature of tube exposure could be probably higher. This possibility is supported by the 
microstructure that shows some signs of exposure at higher temperature than 445 °C. Provided that the 
tube was exploited at declared low temperature then there had to be still preserved some 
pearlitic/bainitic blocks in the microstructure and the level of structural not only the mixture of ferrite and 
carbides; 

 the most frequently reported threshold aluminum content 0.025 wt% for graphitization in C-Mo steels 
seems to be not enough to prevent graphitization of C-Mo steel during common operating conditions in 
power plants. The occurrence of graphite particles in the structure caused the decrease of hardness, 
resp. tensile strength. On the other hand, level of impact toughness is at the same level as in state as-
received, which could support the theory that nodular form of graphite is benign, although creep 
properties were affected by presence of graphite in the structure. 

7. CONCLUSION 

The paper deals with graphitization of superheater tube made of 16 Mo 3 steel exploited in common operating 
conditions of conventional power plants. The occurrence of nodular graphite particles in the middle of wall tube 
effected mechanical and creep properties while the impact toughness of exposed tube corresponds to the level 
one of state as-received.  
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Abstract  

During resistance welding, the electrode tips are significantly worn. The amount of wear is strongly dependent 
on the welded material, the surface treatment of the welded sheet, the thickness of the surface treatment, the 
welding parameters and, last but not least, especially on the number of performed welds. The paper describes 
the change in topography (RedLux optical profilometer) and roughness (Mitutoyo roughness tester) of the 
contact surface of the electrode tip during the wear process (thus depending on the number of welds 
performed). It also deals with the change of welding parameters due to the change in the size of the actual 
contact area. Deep drawing steel DC05 + ZE (EN 10152) electrolytically coated with Zn (with a total thickness 
h = 0.7 mm and a zinc coating thickness of 4.5 µm) was used as the experimental material. The roughness of 
the contact surface increases evenly. It reaches a maximum after about 100 welds and then decreases. The 
welding current also increases evenly. It is kept constant between 200 and 350 welds and then grows again.  

Keywords: Wear of electrode tips, RedLux, Topography of contact area, Roughness, Change of welding 
parameters 

1. INTRODUCTION   

Electrode wear during resistance welding occurs from the first weld. Several wear mechanisms can be 
observed. These are, in particular, the alloying of the electrode tip with elements made of welded sheet metal 
(or from the surface treatment), deformation of the electrode tip, formation of a hole on the contact surface of 
the electrode and cavitation. Due to the different coefficients of thermal expansion of the electrode and the 
welded material, brittle fracture occurs in the electrode well. This leads to the material being pulled out of the 
contact surface of the electrode [1]. The mushrooming effect increases the set parameters, which again leads 
to a larger mushroom effect [2]. The electrode tip types (B-nose and E-nose) did not affect fatigue strength of 
spot welds [3]. The service life of the electrode can be increased (when welding steel sheets) by using galvanic 
coatings with higher iron content (approx. 10 % and more) [4]. In the case of a Zn coating, the front temperature 
of the electrode should not be higher than the melting point of Zn. Numerical models predict the rate of 
penetration of Zn into Cu up to 500 times higher than the rate of diffusion in the solid state [5]. After alumina 
welding, positive effect of higher electrode roughness can be used which allowing the destruction of the oxide 
layer on the surface of the material. As a result, however, the heat of resistance is reduced and thus the shear 
strength is reduced [6]. Defects in welded joints can occur during the life cycle of the electrodes. One way to 
100%, non-destructive on-line control is to measure dynamic resistance [7] or thermography. To set up the 
inspection process, it is also necessary to describe external influences such as the morphology of the bearing 
surfaces of the electrode tips. The aim of the paper is to describe the influence of the number of spot welds on 
the roughness and topography of the contact surface of the electrode tip and the related change of welding 
parameters. 
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2. MATERIALS  

As base material is used deep-drawn steel DC05 (EN 10152), electrolytically coated, with a total thickness 
h = 0.7 mm and a zinc coating thickness of 4.5 µm. The chemical composition and mechanical properties are 
given in Table 1. Used material of electrode tips were A2/2 - CuCr1Zr. Chemical composition of the cap is: 
Cu = 98.98 %, Cr = 0.9 %, Zr = 0.12 %.  

Table 1 Chemical composition and mechanical properties of steel DC05 + ZE 

C [%] Mn [%] P [%] S [%] Si [%] Ti [%] Re [MPa] Rm [MPa] A80 

0.02 0.25 0.02 0.02 0.02 0.3 max 180 270 - 350 41 

3. EQUIPMENT 

Middle frequency direct current (MFDC) source PMS 11-4 (DALEX) was used for welding, with use of electrode 
tips type 39D 1978-2 used in automotive. The S.E.R. system was used to control the welding process and 
monitor the welding parameters. For ultrasonic testing (UT), an Olympus Epoch 650 series instrument with a 
V2450 probe was used for spot welds with a 20 MHz water transfer, inverter diameter 4 mm. A Mitutoyo 
Surftest SJ-301 roughness meter was used to measure roughness. For further analysis of the contact area, a 
4-axis optical profilometer from RedLux (RedLux Ltd., Southampton, UK) was used, which is shown in 
Figure 1. It consists of two sliding and two rotary axes, which use air bearings to achieve higher accuracy of 
movement. The rotary axes move with the sample and the sliding axes move with the sensor. All axes use 
optical position sensors and linear motors. The sensor is a spot confocal sensor, the principle of which is based 
on a color defect of the lens (chromatic aberration) and is used to very accurately measure the distance from 
the measured object. According to the values specified by the manufacturer, the linear axes have a resolution 
of 100 nm, the rotary axes 10’’. The resolution of the point confocal sensor specified by the manufacturer is 
20 nm. The profilometer records the position of individual surface points with a certain frequency. The 
frequency of point scanning can be set in both the circumferential and longitudinal directions. 

 

Figure 1 The detail of optical profilometer RedLux 

4. EXPERIMENT 

Samples measuring 350 x 500 mm were used for the experiment, on which rows of spot welds were made in 
order to wear the welding caps. The welding parameters were chosen so as to create a satisfactory welded 
joint with regard to the requirements of the ČSN EN ISO 14 373 standard, i.e. parameters from the area of 
welding (I = 6.5 kA, t = 200 ms, P = 2.0 kN). The set welding parameters were intentionally not regulated to 
determine the effect of topography and the size of the actual contact area of the electrode tips. 

A set of worn electrode tips was made, with defined wear. A different number of welds was created with each 
pair of tips (upper and lower electrode), with the repeating parameters mentioned above. The selected 
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numbers of welds for wear were: 10, 25, 50, 75, 100, 150 and 200. In the automotive industry, after 150 welds, 
electrode tips are usually preventively dressed. The resulting quality of the joint was checked by ultrasonic 
testing (UT) for the presence of internal or structural defects. The sample echograms showed a linearly 
decreasing tendency of the end echoes with a sufficient number of echoes to represent a satisfactory welded 
joint. All samples passed. 

Roughness was measured on the worn contact areas of the electrodes. Each worn tip was measured a total 
of 5 times over the entire contact area. Between individual measurements, the sample was always rotated by 
about 30°. The surface topography was always measured at the lower electrode. The measured data from 
individual electrode tips (with different degrees of wear) were compared with the original state. An area with a 
diameter of 7 mm, which includes the whole wear area, was chosen for evaluation (Figure 2). On this circular 
surface the percentage of the surface where the loss and increase in material was evaluated. 

 

Figure 2 Selected area (pink colour, diameter = 7 mm) for wear evaluation  

5. RESULTS AND DISCUSSION 

Dependence of the roughness of the contact surface of the electrode tip on the number of performed welds is 
in Figure 3. The graph shows the trend of increasing roughness from values around Ra = 0.5 μm to values 
exceeding Ra = 1.5 μm after 100 welds. With a larger number of welds, the roughness subsequently stabilizes 
at an average value of Ra = 1 μm. 

 

Figure 3 Dependence of the roughness of the contact surface of the electrode tip on the number of 
performed welds 
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Figure 4 Colour map of deviations of measured data from the original state 

Figure 4 shows a color map of the deviations of the individual worn electrode tips compared to the original 
state. Blue means that the measured data is below the original surface (i.e. deformed or torn material), red 
color means that the measured data protrude above the original surface (i.e. adhered material from the sheet 
metal surface). After the first weld, only the imprint (deformation) of the electrode tip occurs. After 10 welds, a 
certain increase in volume can already be seen on the surface of the electrode (due to the higher temperature, 
Zn diffuses into the electrode material, and a Cu and Zn alloy begins to form on the contact surface). After 75 
welds, a crater is formed in the central area of the contact surface after the torn material. A ring of deposited 
material is formed around the perimeter of the contact surface (adhesive-diffusion transfer of Zn from the sheet 
coating). As the number of welds increases, both the crater in the central region and the ring of deposited 
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material around the perimeter become more pronounced. The above color maps from Figure 4 show the effect 
of inaccurate sample placement before welding. The obliquely placed sheet metal deforms (pushes) the 
contact surface of the electrode tip on one side and materials are applied on the other half due to diffusion. 

 

Figure 5 Change in the topography of the contact surface of the electrode tip depending on the number of 
welds performed 

Figure 5 shows the percentage change from the original state (Figure 4 - green color). It can be seen from 
the graph that the electrode tip is deformed during the first weld (approx. 75% of the evaluated area). This 
strengthens the contact area. As mentioned above, with a higher number of welds, the coating material 
adheres to the contact surface (for 50 welds, the adhered material covers 89% of the evaluated area). This 
leads to an increase in its diameter by 2 % (from 5 mm to 6 mm) and to a change in the chemical composition 
at the surface. This mechanism is applied up to the number of welds 50. Then the wear process is changed 
and the adhesive-abrasive mechanism begins to prevail relatively quickly. The material is torn out and a 
depression is formed in the center of the contact surface (Figure 5 - 200 welds). For 200 welds, the depression 
already covers 83 % of the evaluated area. 

 

Figure 6 Change in the amount of welding current depending on the number of welds performed 

Figure 6 shows the behavior of the welding current during the life cycle of the welding tip. The welding current 
was set at 6500 A. Nevertheless, the first weld on the unworn tip was welded with a current of 6250 A. Up to 
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the number of welds 50, where the mechanism of adhesive and diffusion material transfer predominates 
(increase of contact area diameter and material volume), the welding current decreases. At 50 welds, it drops 
by about 200 A (3.2 %). Then the welding current increases evenly up to the number of performed welds 200. 
The increase of current is on average 350 A (5.6 %). Up to 350 welds, the welding current does not change 
and remains around 6400 A. Above 350 welds, the welding current increases further to values around 6750 A. 
The total maximum change in welding current is 700 A (11.2 %). At these values, there has already been 
excessive spattering of the material. 

6. CONCLUSION 

The topography of the contact surface is an important parameter in the life cycle of the electrode tip. An 
experiment was designed to monitor the change in topography depending on the number of welds performed. 
The welded material was deep-drawn steel DC05 + ZE. An MFDC welding source with an electrode cap type 
39D 1978-2 was used. The following conclusions can be drawn from the results: 

 the roughness of the contact surface of the electrode tip increases with the number of performed welds 
from the initial value Ra = 0.5 μm to the average value Ra = 1.5 μm after 100 welds, then it stabilizes at 
the average value Ra = 1 μm, 

 the geometry of the contact surface also changes with the number of performed welds. After 75 welds, 
a shallow depression begins to form in the middle of the contact area. The diameter of the contact area 
increases by 1 mm. After 200 welds, there is a depression over the entire original contact area, 

 the welding current first decreases (up to 50 welds) and then increases evenly up to 500 performed 
welds, except for the range between 200 and 300 welds where it is constant. 
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Abstract 

Knowledge of thermodynamical and thermophysical properties of materials plays an important role for many 
industrial applications. The paper is dedicated to the study of three model alloys based on Fe-C-Cr-Ni. The 
studied alloys contained carbon in a range of 0.33 - 0.36 wt%, chromium 1.08 - 4.70 wt% and nickel 1.04 - 
4.96 wt%. Thermophysical and thermodynamical properties depending on the composition of alloys such as 
specific heats, phase transformations temperatures and enthalpy were studied in low and high temperature 
areas. Experimental data were obtained using following devices: Setaram Sensys Evo and Setaram MHTC 
Line 96 with 3D DSC sensors. Specific heats were obtained using the continuous method. All measurements 
were performed in a helium atmosphere. The same properties were calculated using SW Thermo-Calc, then 
were compared and discussed with experimental data.  

Keywords: Fe-C-Cr-Ni alloys, specific heats, phase transformations temperatures, enthalpy, low and high 
temperature areas 

1. INTRODUCTION 

Studying of thermodynamical and thermophysical properties of systems based on Fe is very important, 
because these materials are used almost in all sectors of modern production. These properties are needed for 
understanding the basis of fundamental behavior of materials depending on their composition and various 
experimental conditions [5]. Specific heats, phase transformations temperatures, enthalpy, entropy, Gibbs 
energy and other properties are the main material data for the thermodynamic and thermophysical description 
of materials [1-2,6]. Many of properties are often studied using thermal analysis methods and calorimetry, 
which denote a variety of measuring methods.  

Performed study presents specific heats, temperatures of transformation of α→γ, solidus and liquidus and 
enthalpy of laboratory prepared Fe-C-Cr-Ni alloys obtained by Differential Scanning Calorimetry (DSC). These 
data were discussed and compared with results calculated using one of the most powerful software package 
for thermodynamic calculations Thermo-Calc. 

2. EXPERIMENT 

2.1. Sample characterization 

The studied alloys contained carbon in a range of 0.33 - 0.36 wt%, chromium 1.08 - 4.70 wt% and nickel 1.04 
- 4.96 wt%. The samples for a thermal analysis were in cylindrical forms with following characteristics: diameter 
was 5 mm and height 8 mm, mass was approximately 1,250 mg. The samples were polished and then cleaned 
in acetone using ultrasound.  
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The chemical composition of three model alloys based on Fe-C-Cr-Ni is presented in Table 1. 

Table 1 Chemical composition of alloys (wt%)  

Alloy C Cr Ni Mn Cu Co W 

A 0.360 1.080 1.040 0.030 0.012 - - 

B 0.340 2.950 3.040 0.027 0.014 0.013 0.030 

C 0.360 4.700 4.960 0.034 0.014 0.015 - 

Minor elements content in the studied alloys were in the following intervals: O (up to 0.004 wt%),                   P 
(up to 0.004 wt%), S (up to 0.004 wt%), Si (up to 0.003 wt%), Al (up to 0.004 wt%),                                             Ti 
(up to 0.001 wt%), Mo (up to 0.001 wt%), N (up to 0.005 wt%), B (up to 0.002 wt%). 

2.2.  DSC - Differential scanning calorimetry and experimental conditions 

Experimental data of thermodynamical and thermophysical properties depending on the composition of alloys 
were obtained using Setaram Sensys Evo and Setaram MHTC Line 96 with a 3D DSC sensor. The 
measurements were carried out in a low and high temperature areas as well in the atmosphere of helium with 
purity at least 6 N to protect the samples against oxidation. Temperature calibration was done using Pd and 
Au for all samples. An empty corundum crucible was as a reference sample. The heating rate was 5 °C/min. 
Specific heats (apparent heat capacities) were obtained using the continuous method (continuous linear 
heating or cooling in the controlled atmosphere) [3]. The heat flux of studied samples was measured relative 
to the heat flux of the reference sample. Enthalpic calibration was performed using Pt (3N5) for all alloys. 

3. THEORETICAL BACKGROUND 

Theoretical values of specific heats, phase transformations temperatures and enthalpy were calculated by use 
of thermodynamic SW Thermo-Calc, which has a high-quality database for various materials including Fe-
based alloys as well. Elements such as O, P, S, N, B and diamond and graphite phases were not included for 
calculations. Used SW does not calculate specific heats directly; specific heats were calculated using suitable 
equation based on the next relation (equation 1) [4]:  

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

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

As for phase transition temperatures, temperatures of transformation of α→γ, solidus and liquidus 
temperatures were obtained using calculated phase diagrams. 

4.  RESULTS AND DISCUSSION 

4.1. Specific heats  

The specific heats of alloys A, B and C were studied in the temperature intervals from 30 ºC to 1,580 ºC. 
Theoretical values of the heat capacities were obtained by SW Thermo-Calc and compared with measured 
experimental values. Obtained experimental and theoretical values of the specific heats are presented in the 
Figures 1 - 3.  

Alloy A 

From the dependence of specific heats on temperature (Figure 1) can be seen, that obtained experimental 
and theoretical data have the same trend in the temperature intervals: 30 ºC to 717 ºC, 799 ºC to 1,432 ºC and 
1,522 to 1,580 ºC. In these temperature intervals experimental values of specific heats are 0.37 - 1.06 J/K·g 
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and theoretical values of specific heats are 0.45 - 0.96 J/K·g. In the region of phase transformation α→γ the 
highest experimental value of the specific heat is 4.88 J/K·g and the highest theoretical value of the specific 
heat is 6.44 J/K·g, difference between these values is 1.56 J/K·g. In the melting range the highest experimental 
value of the specific heat is 10.92 J/K·g and the highest theoretical value of the specific heat is 12.42 J/K·g, 
difference between these values is 1.50 J/K·g. 

 
Figure 1 Comparison of experimental and theoretical heat capacities of alloy A 

Alloy B 

From the dependence of specific heats on temperature (Figure 2) it is clear, that obtained experimental and 
theoretical data have the same trend in the temperature intervals: 30 ºC to 669 ºC, 786 ºC to 1420 ºC and 
1,517 to 1,580 ºC. In these temperature intervals experimental values of specific heats are 0.36 - 0.77 J/K·g 
and theoretical values of specific heats are 0.45 - 0.91 J K·g. In the range of phase transformation α→γ the 
highest experimental value of the specific heat is 2.85 J/K·g and the highest theoretical value of the specific 
heat is 2.73 J/K·g, difference between these values is 0.12 J/K·g. In the melting range the highest experimental 
value of the specific heat is 11.29 J/K·g and the highest theoretical value of the specific heat is 16.13 J/K·g, 
difference between these values is 4.84 J/K·g. 

 
Figure 2 Comparison of experimental and theoretical heat capacities of alloy B 
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Alloy C 

From the dependence of specific heats on temperature (Figure 3) it is visible, that obtained experimental and 
theoretical data have the same trend in the temperature intervals: 30 ºC to 620 ºC, 793 ºC to 1,419 ºC and 
1,509 to 1,580 ºC. In these temperature intervals experimental values of specific heats are 0.39 - 0.78 J/ K·g 
and theoretical values of specific heats are 0.46 - 0.93 J/K·g. In the region of the phase transformation α→γ 
the highest experimental value of the specific heat is 0.98 J/K·g and the highest theoretical value of the specific 
heat is 2.11 J/K·g, difference between these values is 1.13 J/K·g. In the melting range the highest experimental 
value of the specific heat is 10.41 J/K·g and the highest theoretical value of the specific heat is 13.56 J/K·g, 
difference between these values is 3.15 J/K·g. 

 
Figure 3 Comparison of experimental and theoretical heat capacities of alloy C 

In accordance with received data of dependence of specific heats on temperature and content of studied alloys, 
we can find out next regularity: the lowest values of specific heats were obtained for alloy with the highest 
content of nickel and chromium in the phases of liquidus and solidus.  

4.2. Phase transformations temperatures  

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

As for phase transformations temperatures, experimental values were detected from DSC curves and are 
presented and marked in the Figures 1 - 3 and presented in Table 2. Theoretical values of phase 
transformations temperatures were obtained by SW Thermo-Calc (temperatures are presented and marked in 
the Figures 1 - 3 and Table 2 as well) and compared with experimental values. The start and end of α →γ 
transformation are marked as T α→γ,S and T α→γ,E, the temperatures of liquidus and solidus are marked as TL 
and TS. T α→γ,S, T α→γ,E and TS show the highest differences between teoretical and experimental values, 
because it is difficult to determine it by thermal analysis methods.  

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

  alloy A alloy B alloy C 

Temperature DSC TC DSC TC DSC TC 

T α→γ,S 748 717 750 670 620 - 

T α→γ,E 791 766 774 748 802 727 

TS 1434 1456 1422 1447 1427 1437 

TL 1498 1502 1492 1493 1485 1485 
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From Table 2 it is evident, that with increasing content of nickel and chromium in studied alloys the temperature 
of liquidus decreases correspondingly, differences between experimental and theoretical values were minimal. 
As to start and end of α →γ and temperature of solidus, there is no ambiguous trend. Alloy B has the highest 
T α→γ,S and alloy C has the lowest T α→γ,S. Alloy C has the highest T α→γ,E and alloy B has the lowest T α→γ,E. 
Alloy A has the highest T S and alloy C has the lowest T S.  

4.3. Dependence of enthalpy on temperature 

Experimental values of enthalpy are presented in Figure 4. Obtained experimental and theoretical data have 
the same trend in studied temperature intervals: 30 ºC to 1580 ºC, from Figure 4 it is clear, that with increasing 
of temperature enthalpy increases as well. The highest standard deviations are in the range of phase 
transformations. The highest value of standard deviation for alloy C is 70.83 J/g and for alloy A is 33.81 J/g in 
the melting range, for alloy B is 60.32 J/g in the range of phase transformations α →γ.  

 

Figure 4 Dependence of experimental values of enthalpy on temperature 

5. CONCLUSION  

In the presented work specific heats, phase transformations temperatures and enthalpy of three alloys based 
on iron, nickel, carbon and chromium were studied in low and high temperature areas using DSC and SW 
Thermo-Calc. The specific heats decrease with increasing content of nickel and chromium in the area outside 
of phase transformations. The highest differences between theoretical and experimental phase 
transformations temperatures were in case of T α→γ,S (diference up to 80 ºC), the best match was obtained for 
T L (difference up to 4 ºC). Except specific heats and phase transformations temperatures, dependence of 
enthalpy on temperature was experimentally determined. New original experimental data were obtained for 
studies alloys.  
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Abstract 

The combination of different mechanical properties of tailor welded blanks (TWB-s) results in non-constant 
plastic flow and instability of the weld interface during forming. This is most marked when combining metal 
sheets of different thicknesses or sheets with significantly different plastic characteristics. This non-uniformity 
was also observed for tailor welded blanks which consisted of equally thick sheets of one material but had 
different texture orientations after rolling. When examining the formability of such welded blanks, simulations 
were performed and verified by real experiments of deep drawing of a rectangular box. Since the influence of 
the differently oriented texture was not very significant, it was necessary to assess the influence of the ductile 
characteristics of the weld metal on the overall formability. Since the influence of the differently oriented texture 
was not very significant, it was necessary to assess the influence of the stress-strain characteristics of the 
weld metal on the overall formability.  

Keywords: Anisotropy, deep-drawing, tailor-welded blank, weld interface, simulation 

1. INTRODUCTION  

High-strength steel sheets have been developed primarily for use in the automotive industry. In addition to 
high strength and adequate yield strength, they are characterized by excellent formability and are able to meet 
the requirements for car body construction in terms of strength, rigidity and safety. A very widespread group 
are dual-phase (duplex) steels. Weldability and formability are among the most important properties in this 
case, because these properties are the most used in TWB products. These usually consist of sheets of different 
thicknesses or mechanical properties in order to optimize body components in terms of strength, stiffness, 
weight and impact deformation properties [1-3]. Laser welding is most suitable for the production of TWB 
products from two-phase steels, but also other material combinations. The main advantages are minimal 
deformations of TWB products due to the narrow heat-affected zone (HAZ), high welding speeds, process 
flexibility and the ability of the joint to transmit drawing force [2-4]. This meets the basic requirements for a 
welded joint. However, the weld itself and the change in the properties of the material in the heat-affected zone 
of the TWB negatively affect the formability and flow of the material during deformation [1,5,6].  

2. EXPERIMENTS  

In tailor welded blanks, the influence of planar anisotropy, the combination of the rolling direction and its 
orientation with respect to the shape of the workpiece can significantly affect the forming process and the final 
product. For the analysis of this effect, sheets made of dual-phase steel HCT600X with the same thickness of 
1.2 mm but with a different orientation of the rolling direction of the individual parts with respect to the weld 
interface (Figure 1) [1] were used. The joint was formed by a solid-state fiber laser IPG type YLR 4500 with a 
maximum power of 4.5 kW and a wavelength of 1060 nm. 

The chemical composition and mechanical properties of HCT600X steel are in Table 1 and Table 2. For the 
experiments, the blanks with a shape optimized on the basis of default of the DYNAFORM program for deep-
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drawn part of rectangular shape with internal dimensions of 120 mm x 80 mm, height of 40mm and position of 
the welding interface according to Figure 2. 

  

Figure 1 Schemes of laser welded blanks with 
different surface orientation of the texture 

Figure 2 Rectangular drawn part from a tailor 
welded blank with a weld interfac 

Table 1 Chemical composition of duplex steel HCT600X 

Element C Mn Si Al P S 

 (wt%) ≤ 0.7 ≤ 2.2 ≤ 0.8 ≤ 2.0 ≤ 0.008 ≤ 0.015 

Element V B Nb+Ti Cr+Mo   

 (wt%) ≤ 0.2 ≤ 0.005 ≤ 0.,15 ≤ 1.0   

Table 2 Mechanical properties of duplex steel HCT600X 

Rm (MPa) Rp0,2 (MPa) A80 (%) 

600 380 23 

The drawing process of drawn parts from TWBs was analysed using the FEM model in the LS Dyna software. 
Achieving correct results depends primarily on the choice of a suitable material model. This was obtained by 
means of tensile tests according to STN EN ISO 6892-1 on samples of HCT600X material with orientation 0°, 
45° and 90° to the sheet rolling direction. The tests were performed on universal testing machine Instron 1195 
and four samples from each direction. By evaluation and extrapolation, the flow curves were obtained as a 
dependence of “true stress - true strain” (Figure 3) and values of planar anisotropy „R“ for individual directions 
of samples orientation. For 0° R = 0.750, for 45° R = 0.881 and for 90° R = 0.862. 

 

Figure 3 Extrapolated curves of true stress used for simulations 

Before welding, the surface of the samples was chemically degreased with acetone. The welds were made as 
butt joints without additional weld metal at a beam power of 600 W and a welding speed of 5 mm.s-1. 
Metallographic analysis was performed on cut-out samples. For microstructural analysis was used Zeiss 
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Axiovert 40 MAT optical microscope. Mechanical tests of the welded joints were also realized, the welds being 
oriented transversely in the middle of the measured shank of the test specimens.  

 

Figure 4 Experimental tool for drawing of rectangular drawn part. The blank is on the top of the holding plate 

Tensile tests were performed on Instron 1195 testing machine. The welded blanks were formed on an 
experimental deep-drawing tool (Figure 4) and a PYE160S hydraulic press with a set uniform distribution of 
holding force of 35 kN and a holding pressure of 2.15 MPa at the beginning of drawing. Wedolit N22-3N 
lubricant was used to minimize friction. 

3. RESULTS AND DISCUSSION 

3.1. Analysis of the welded joint 

All welded joint tests ended with the sample tearing in the base material outside the joint. The measured 
strength parameters were the same as on the samples without welds. Due to structural changes, the welded 
joint had a higher strength than the base material. Microscopic analysis confirmed the two-phase structure of 
the base material. The dark, row-oriented formations are martensite grains deposited in a light ferrite matrix 
(Figure 5). 

 

Figure 5 Microstructure of HCT600X double-phase steel 

The macrostructure of the weld and the course of microhardness in the transverse direction to TWB welded 
joint made of steel HCT600X 1.2 mm thick is shown in Figure 6. The welded joint was made at a beam power 
of 600 W and a welding speed of 5 mm.s-1. 
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Figure 6 Macrostructure of TWB welded joint (left), course of microhardness of welded joint (right) 

In Figure 7 on the left is the microstructure of the laser weld and on the right the heat-affected zone of the 
dual-phase steel HCT600X. The heat affected zone is free of pores, cavities, inclusions and microcracks. It 
contains a mixture of ferrite, bainite and martensite. The microstructure of the weld, formed by rapid cooling, 
consists of martensite with a uniform grain size. After the deep drawing experiments or in the simulations of 
the drawing process, the displacement of the weld interface, at the bottom of the rectangular drawn part didn´t 
show observable values. The displacement of the weld was visible only on the walls of the drawn part. The 
weld interface was tilted to the side where the texture was oriented at an angle of 0° with respect to the selected 
coordinate system orientation. The angle of inclination of the interface ranged from 0.5° to 1.37° with rotation 
according to the orientation of the texture. The magnitude of the weld interface displacement, after the 
experiment and during the simulation, are shown in Figure 8. 

      

Figure 7 Microstructure of the weld (left) and the heat-affected zone of the weld (right) of HCT600X steel 

  

Figure 8 Simulation of the weld interface displacement on the vertical part of the part (left, in the middle) in 
regard to the orientation of the texture in comparison with the displacement during the experiment (right) 
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3.2. Earing formation on drawn part 

The manifestation of planar anisotropy in the deep-drawing parts is the ears formation. Simulation of the deep-
drawing process of TWBs with a texture orientation of 0° and 90° showed a negligible height difference 
between the ears. The combination with a texture orientation of 0° and 45° has the most significant effect on 
the ears formation during deep-drawing of TWBs. Figure 9 shows the waviness of edge of a rectangular drawn 
part from TWB. The lines in the graph represent the peripheral height positions of the drawn part 
circumference. Positions A and B are in the corners of the part. The schemes with texture orientation above 
and below the curves represent the texture orientation in the perimeter walls of the drawn part. During analysis 
of the side with 45° orientation on the blank, the differences in the height of the ears in the corners were 
revealed. In corner A, where the texture was parallel to the vertical wall, the ear was 2 % higher than in corner 
B, where the texture was perpendicular to the vertical wall of the drawn part (Figure 10). The height of the 
perimeter walls in straight sections was comparable with a texture orientation of 0°. 

      

Figure 9 Drawn part composed of blanks with 0° and 45° surface texture orientation (left), Height of the 
drawn part wall depending on the position around its circumference and texture orientation (right) 

On the texture orientation side of 45°, the height of the ears showed variance of values according to the local 
orientation at the part site based on the real experiment (Figure 11). The height of the ears was measured by 
photogrammetric method and CAD software. The difference in the height of ears is about 2.5 %. A comparison 
of the results of measurements and simulations of the height of the ears and their percentage differences is 
shown in Figure 10. 

            

Figure 10 Comparison of the ears height of the experimental drawn part with the simulated drawn part (left), 
Deviation of the ears height of the experimental drawn part with the simulated drawn part in % (right) 
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Figure 11 Measurement of the deviation of the ear height on the drawn part with the indicated direction of 
texture orientation¨ 

4. CONCLUSION 

The properties of tailor welded blanks (TWBs) made of dual-phase steel HCT600X were analysed with respect 
to weldability and formability. The following results were obtained: 

1) Microscopic analysis of the welds revealed that the welds were without any defects. Welding parameters 
are given in the text. 

2) The welding process has no effect on the strength properties of the blank. Because the test specimens 
broke in the base material during the tensile test, the weld has a higher strength than the base material. 

3) Planar anisotropy in the tailor welded blanks can cause significant plastic flow asymmetry, which affects 
the final shape of the workpiece. The most critical is the use of tailor welded blanks composed of sheets 
with a 45 ° texture orientation. The welding interface deviates to the side with a texture orientation angle 
of 0° during the drawing process. 

4) The height of the ears in the corners of the experimental drawn part made of TWBs is relatively constant 
when the welded blank includes a sheet with a 90° texture orientation angle. If the blank includes a 
sheet with a 45° angle of texture orientation, further asymmetry occurs and the height of the ears is non-
uniform not only in the corners but also in the straight sections of the drawn part. 

5) The sufficiently accurate material model of HCT600X steel used in the simulations enabled to achieve 
comparable results of real experiments with simulations. 
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Abstract 

In the paper, the methods for determining heat affected zones during arc weld surfacing is presented. For this 
purpose, numerical simulations of the temperature field were performed using the Ansys and Sysweld 
programs based on the finite element method. The Goldak heat source model was used in the computations. 
Based on the maximum temperature values, the characteristic heat affected zones (remelting zone, fusion 
line, austenitization zone) have been determined. The results of calculations were compared with the 
boundaries of individual zones determined by the analytical method using a double volumetric Gaussian-
parabolic heat source model and obtained experimentally. Finally, the possibility of mapping the fusion line 
was assessed using particular heat source methods, programs and models. 

Keywords: Modelling, welding heat source, heat affected zone, submerged arc welding, fusion line, finite   
element method  

1. INTRODUCTION 

Since mid-last century, solutions have been sought to describe the temperature field in welding processes, 
taking into account the temperature-dependent properties of the material. For this purpose, both numerical 
methods are used (mainly the FEM - Finite Element Method) [1,2], as well as analytical solutions [3 - 5]. 

Experimental verification of the temperature field model can be performed by direct methods (measurement 
using thermocouples [6], thermal imaging camera [7] or indirectly by cross-sectional metallographic 
examination determination of heat affected zones and structural analysis of the material) [8,9]. 

One of the problems is the mapping of irregular shapes of the fusion lines often occurring during weld surfacing 
[10,11], which is related to the selection of the heat source model [12,13]. Among many models of heat 
sources, Gaussian flat [14], volumetric Goldak’s [15], elliptic paraboloid [16] and models with an axis inclined 
to the bead [17,18] can be mentioned. This paper analyzes various methods of calculating the temperature 
field during the SAW (Submerged Arc Welding) surfacing and determining heat affected zones. The 
considerations were presented by comparing temperature distributions and fusion lines obtained by numerical 
methods (using the professional programs Ansys and Sysweld) and analytical [19], as well as the results of 
experimental studies [20]. 

2. SUBJECT OF STUDY 

A steel element surfaced with the SAW method was selected for the numerical analysis of the temperature 
field, the experimental research of which was described in [20]. In the weld cladding tests, a 30 mm thick 200 
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x 200 mm steel plate S355J2H3 was given. The surfacing was made with welding velocity 0.5 m/min, voltage 
30 V and current 400 A. The macroscopic structure of the surfacing weld deposit is shown in Figure 1. 

 

Figure 1 Macrostructure of deposit weld [20] 

3. DETERMINATION OF HEAT AFFECTED ZONES BY NUMERICAL METHODS 

For this purpose, the professional programs Ansys and Sysweld were used. Both computational systems are 
based on the finite element method. Ansys is a universal engineering program. The Sysweld is dedicated to 
modeling of welding and heat treatment processes, and the correctness of the results of numerical simulations 
performed using this program are confirmed by experimental research and industrial practice [21,22]. The 
calculations assumed technological parameters, the material and geometry of the surfaced object used in the 
experiment. 

In both calculation examples, the double-ellipsoidal Goldak heat source model was adopted (Figure 2). The 
Goldak’s volumetric heat source model consists of two parts (in relation to the welding direction): front and 
rear. Front volume of heat source is described by equation: 
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and a rear part: 
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where: a, b, cf, cr are the geometric parameters of the ellipsoidal heat source, ff and fr proportionality coefficients 
corresponding to heat in the front and rear parts of the heat source respectively, where ff + fr = 2, ξ is distance 
of current source position to point (x, y, z). 

 

Figure 2 Characteristic dimensions of Goldak’s model of heat source 

Temperature field simulations were performed under the following boundary conditions: 
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where: Ts - local solid temperature, qs - heat flux, k - thermal conductivity, h - fluid-side local heat transfer 
coefficient, ε - emissivity of the external wall surface, σ - Stefan-Boltzmann constant, qrad - radiative heat flux 
to the wall from within the domain, qconv - convective heat loss from the wall, Tfree - local fluid temperature, Tw 
- surface temperature on the wall, T∞ - temperature of the radiation source or sink on the exterior of the domain, 
t - time. 

3.1. Computation of the temperature field and determination of HAZ using the Ansys program 

The following dimensions of the Goldak source were used in the temperature field calculations: a = 0,0125 m, 
b = 0,0095 m, cf = 0,004 m i cr =0,009 m. The geometric body model is divided into 279295 elements and 
contains 205788 nodes, the distribution of which in cross section is shown in Figure 3. 

 
Figure 3 Division into finite elements - cross section of the surfacing element 

Comparison of the distribution of maximum temperature values during surfacing in relation to the fusion zone 
and the heat affected zone visible on the metallographic specimen is shown in Figure 4a. The calculated 
penetration depth measured in the middle of the deposit (red line in Figure 4b), as well as the depth of the 
heat affected zone (yellow line) are consistent with the results of the experiment. However, the width of the 
fusion zone measured on the surface of the welded element (13.8 mm) is significantly different from that 
measured on the metallographic specimen. Similarly, the shape of the heat-affected zone, fusion line and 
boundary of austenitic transformation (heat-affected zones) is clearly different from that obtained in the 
experiment. 

a) b) 

Figure 4 Maximum temperature distribution, Heat Affected Zones and their limits in comparison with the 
result of the experiment 

3.2. Computation of the temperature field and determination of HAZ using the Sysweld program 

The following dimensions of the Goldak heat source were used in the temperature field calculations: a = 0.01 
m, b = 0.003 m, cf = 0.0033 m i cf =0.00667 m. Half of the analyzed surfacing element was adopted in the 
considerations due to the symmetrical distribution of the heat load and the theoretical temperature field. The 
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geometric body model is divided into 33542 elements and contains 31656 nodes, the distribution of which in 
cross-section is shown in Figure 5a. 

The molten weld area obtained using the Goldak heat source model has a regular elliptical shape, which is 
often not like a real fusion zone. The Sysweld program allows the correction of the thermal load of finite mesh 
elements. The 3D LOAD function is used to define the energy distribution in the model of the weld. The welding 
input energy is distributed to the model through elements depending on welding penetration. The modified 
heat load of the weld elements adopted in the calculations is presented in Figure 5b. 

a) b) 

 
 

Figure 5 Model adopted for calculations: a) division into finite elements; b) thermal load of elements 

Based on the maximum temperature, heat affected zones have been determined as shown in Figure 6. The 
fusion zone is marked with purple, while the full zone (between 876 °C and 1,439 °C) and incomplete (between 
727 °C and 876 °C) austenitic transformation are marked with yellow and light blue (blue) respectively. Native 
material that has not undergone structural changes is marked in dark blue. Finite elements in the shape of a 
square shown in the figure have a side length of 1 mm. The obtained shapes and dimensions of heat affected 
zones in numerical simulations are consistent with the results of experimental research. 

 

Figure 6 Heat affected zones determined using the Sysweld program 

4. ANALYTICAL SOLUTION 

In paper [19] a double volumetric Gaussian-parabolic heat source model has been proposed that allows obtain 
an irregular shape of the fusion line. The solution was based on the assumption that part of the heat generated 
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in the electric arc is consumed by melting the electrode material and transferred to the surfacing droplet, and 
the remaining amount of heat directly affects the surfaced material. 

In the above solution, it was assumed that the heat generated by the action of the electric arc is partly used to 
melt the electrode material and "stored" in liquid drops of material transferred to the welded object. The 
remaining part of the heat of the electric arc, however, heats the surfacing area directly. 

As a result of calculations carried out in [20], heat affected zones were determined (Figure 7). The dimensions 
and shapes of these zones are consistent with the results of experimental research. 

 

Figure 7 Heat affected zones determined by analytical method [20] 

5. CONCLUSION 

During weld surfacing of flat elements, an irregular shape of the fusion zone is most often obtained. In order 
to properly calculate the temperature field and, as a consequence, to achieve heat-affected zone, which are 
consistent with the experimental shapes and dimensions, it is necessary: 

 to adopt a two-distributed model of the heat source, 
 or to apply the thermal load modification proposed in the Sysweld program. 

The use of a one-distributed model of the heat source does not give such a possibility. It should be noted that 
this approach differs from the solutions used for hybrid methods, in which two heat sources are physically 
accepted. In the case of weld surfacing (or hardfacing), the physical heat source is one, and modeling is based 
on the appropriate definition of the heat source model or the thermal load of the finite elements (FEM) of the 
weld padded object. 
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Abstract  

Alloys used for the manufacture of various structures must be strong and easy to process. Under certain 
conditions, hydrogen can adversely affect the fracture characteristics of most structural alloys. A classic 
example is hydrogen embrittlement of high-strength martensitic steel, which is the result of a high concentration 
of hydrogen in the metal. An extremely high internal concentration of hydrogen in such alloys can be created 
during chemical or electrochemical processing, such as etching, electroplating, and removing coatings used 
in the production of a particular product. Over time, this hydrogen forms bubbles and cracks on the internal 
surfaces of grain boundaries or inclusions and causes slow destruction. This type of embrittlement, caused by 
hydrogen located in the internal volumes of the alloy and developing during the stay of the alloy under external 
load, is called internal hydrogen embrittlement. This embrittlement is typical for a large number of alloys used 
in mechanical engineering. The article discusses the features of the origin of hydrogen and the form of its 
existence in structural alloys. The process of hydrogen embrittlement in alloyed structural steels is studied. 
The method of performing analysis on the "G8 GALILEO" hydrogen analyzer for structural alloys is adapted 
and described. The corresponding results of the work and recommendations are given. 

Keywords: Hydrogen embrittlement, carrier gas, chemical composition of the alloy, hydrogen analyzer 

1. INTRODUCTION 

Predicting the durability of a structure currently made of virtually any alloy, one must take into account the 
degree of harmful effect that hydrogen exerts on the properties of the alloy when it is aged in any hydrogen-
containing medium at the stages of preparation of this alloy, its processing and operation. Hydrogen 
embrittlement is a complex process, and its reliable prediction is very difficult or even impossible. Therefore, 
in a broad sense, hydrogen embrittlement is a serious cause causing premature destruction of mechanical 
structures; either general corrosion is an even more serious cause of such destruction. 

The complexity of the hydrogen embrittlement process may result from the collective action of many factors 
that affect both the degree and type of embrittlement. Most of them are interdependent, which makes it difficult 
to understand and predict the process. The deterioration of mechanical properties is not only the result of 
hydrogen-metal interaction, for example. This deterioration may be due to the action of any other or several 
mechanisms of embrittlement. The true mechanism that is directly responsible for embrittlement is determined 
by the rate of hydrogen transfer, the amount and distribution of hydrogen capable of participating in the reaction 
both in the regions of its formation and in the places of interaction [1,2]. 

2. HIGH TEMPERATURE HYDROGEN EMBRITTLEMENT 

The transfer rate and placement of hydrogen depend on other factors: the chemical composition of the alloy, 
including residual impurities, microstructures, stress state, temperature, etc. [3]. 
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At temperatures above 200 °C, hydrogen moves relatively easily in the body-centred cubic structure of the iron 
lattice, and those forms of hydrogen embrittlement that are inherent in martensitic, ferritic, and austenitic steels 
at temperatures close to room temperature are usually not observed at elevated temperatures. Hydrogen 
damage at elevated temperatures is associated with the formation of reaction products between hydrogen and 
some chemically active substances in the alloy volume [3-5]. In steels, the most noticeable reaction is the 
formation of methane between hydrogen and carbon. 

Fe3C+2H2=3Fe+CH4(gas)                                                                                                                               (1) 

In this case, steel damage is a combined result of the formation of internal cracks filled with gaseous methane, 
often under very high pressure, and decarburization of the matrix lattice, this type of hydrogen embrittlement 
is hydrogen corrosion. It can occur in all steels if they contain carbon in a form accessible for the reaction and 
are sufficiently mobile to react with hydrogen and form methane along grain boundaries or other weakened 
interface in the internal volumes of steel [1,4,6]. 

It is obvious that any factor causing a change in the thermodynamic stability of carbon, its transfer rate or the 
strength of the interface and the distribution of the corresponding elements of the microstructure will affect the 
resistance of steel to hydrogen corrosion. The susceptibility of steel to hydrogen corrosion can change under 
the influence of alloying elements that affect the activity of carbon, with varying hydrogen pressure and 
temperature, changing grain size, composition of their boundaries, degree of hardening and other 
microstructural parameters [3,7]. 

The main method used today to overcome hydrogen corrosion is alloy age. The introduction of carbide-forming 
elements such as chromium, molybdenum, tungsten, tantalum and vanadium, significantly increases the 
resistance of steel against this type of damage. Silicon, nickel and copper have very little effect on the 
susceptibility of steel to hydrogen corrosion. These elements do not form stable carbides and therefore do not 
significantly affect the carbon activity, but simply dissolve in the ferrite lattice. Manganese is slightly more 
effective, because it forms the compound Mn3C. Chrome, tungsten and molybdenum are very effective in 
suppressing hydrogen corrosion, since they form stable carbides. Titanium, vanadium, zirconium and niobium, 
as well as tantalum and thorium form highly stable carbides and actively eliminate hydrogen corrosion [1,4,8]. 

To eliminate hydrogenation of metals and reduce their strength characteristics, it is necessary to have data on 
the composition of hydrogen in structural alloy steels. 

A hydrogen content of only 4 ppm (parts per million) - something that can dissolve in steel - can cause: 

 thin hairy cracks; 
 hydrogen fragility; 
 hydrogen bubbles; 
 loss of tensile plasticity. 

The task was to determine the concentration of hydrogen in the alloyed structural steels of the grades EK49 
(03X10H8K4MF) and EK94 (03X9N9K5M3). The chemical composition of these heats is shown in Table 1 
and 2. 

Table 1 The chemical composition of steel grade EK49 (wt%) 

Fe Ni Cr Co V Mn Mo С 

Main 7.94 9.23 4.54 0.13 0.10 0.10 0.02 

Table 2 The chemical composition of steel grade EK94 (wt%). 

Fe Ni Cr Co Mo Mn С 

Main 9.45 8.72 4.67 2.5 0.10 0.02 
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The G8 GALILEO analyser is used to quickly and accurately determine the hydrogen content in various types 
of solid materials, for example, steel, iron, non-ferrous metals, alloys, aluminium, titanium and its alloys, 
zirconium and its alloys, powder metals, ores, ceramics, glass, cement etc. 

Determination of hydrogen concentration is carried out in accordance with the method of transmission of the 
carrier gas through the extraction of the melt with subsequent determination of infrared or thermal conductivity. 

3. ANALYZER SPECIFICATIONS 

 short analysis time, automatic process, simple operation; 
 temperature programmable up to 2400 °C (with sample hole cooled to 2900 °C), non-contact optical 

sensor for temperature measurement and precise control; 
 simple switching software with the simultaneous measurement of oxygen and nitrogen to determine 

hydrogen; the presence of an external furnace for diffusing hydrogen as additional equipment;  
 highly stable detection system with a non-dispersive infrared detector for determining CO and a 

thermosconductometric cell for determining nitrogen and hydrogen; 
 automatic zero correction for all detectors, automatic range control and selection of the optimal range 

for all elements; 
 additional accurate gas calibration using a temperature-heated furnace analysis, automatic furnace 

cleaning and an automatic crucible feeder. 

4. ANALYSIS METHODOLOGY 

The sample is melted in an electric furnace with electrodes (pulse-heated furnaces) in a graphite crucible in 
an inert gas (carrier gas). The graphite crucible also has a heating element located between the two water-
cooled electrodes of the pulse-heated furnace, the bottom electrode is pneumatically moved down to open the 
furnace and up to close it. The freely programmable temperature of the electric furnace with electrodes is 
controlled by a non-contact optical sensor. As a result of high temperatures, oxygen, which is usually present 
in the sample as an oxide, reacts with an excess of carbon to produce CO. In addition, nitrogen is released 
from nitrides by decomposition, and a certain amount of hydrogen is also present in the sample. 

The resulting hydrogen sample gas, respectively, passes through a highly stable detection system consisting 
of a selective non-dispersive infrared detector (NDIR) and a thermoconductometric cell controlled by a thermal 
relay (TCD) to determine H2 along with the carrier gas. A thermal conductivity detector is used to measure 
hydrogen. The measuring module, controlled by a thermal relay, includes two gas supply paths. Carrier gas 
and sample gas pass through one path, pure carrier gas (reference gas) passes through another path. Thermal 
conductivity in the gas supply paths is recorded by thermistors, which are connected in a bridge configuration. 

The measurement principle is based on a change in the thermal conductivity of the carrier gas caused by the 
sample gas compared to the flow of the comparison gas of the pure carrier gas. The signals are proportional 
to the concentration of the sample in the carrier gas. Nitrogen with a purity of 99.999 % is used for hydrogen 
analysis. Measurement signals are displayed on a graphical display during analysis. The time integral of the 
measurement curve corresponds to the content of the corresponding element in the sample. The hydrogen 
concentration, respectively, is calculated taking into account the weight of the sample based on the calibration 
results of a certified standard sample or using an additional gas calibration device. 

5. HYDROGEN DETERMINATION REAGENTS 

Nitrogen is used as a carrier gas for measuring the hydrogen content, which, in addition to the relatively large 
difference in thermal conductivity compared to hydrogen, has the great advantage that any nitrogen released 
from the sample does not affect the measured signal at 100 % pure nitrogen as carrier gas. 
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In addition to replacing the helium carrier gas with nitrogen to determine the nitrogen content, the reagents are 
also replaced to determine the hydrogen content. In this case, the reagent located after the system of infrared 
radiation detectors acts as an oxidizing agent for the selective conversion of carbon monoxide (CO) to carbon 
dioxide (CO2), which is then adsorbed on the next molecular sieve column. After removal of carbon monoxide, 
the gas passes through the measuring branch of the thermoconductometric cell. Here a quantitative 
determination of the hydrogen released from the sample is carried out. After the measuring cell, the gas again 
passes through a flow meter located on the front of the analyzer to estimate the pump flow rate (usually about 
0.3 l / min with N2 as the carrier gas). 

6. RESULTS 

To conduct the experiment on a G8 GALILEO gas analyser, 2 samples of steel of grades EK49 
(03X10H8K4MF) - sample No. 1 and EK94 (03X9N9K5M3) - sample No. 2 were taken. Before starting work, 
the samples were weighed. The mass of the first sample was 0.615 g, the second - 0.592 g. The analysis time 
for the steels was 2 minutes 20 seconds. The analysis temperature was selected in accordance with Table 3. 

Table 3 Temperature conditions for various samples. 

Material Carrier gas Temperature (°C) Weight (g) 

Ti Ar 1700 - 1900 0.1 - 0.3 

Ti N2 1500 - 1600 0.1 0,3 

Zr Ar 1700 - 1900 0.1 - 0.3 

Zr N2 1500 - 1600 0.1 - 0.3 

Steel, cast iron N2 1400 - 1600 Up to 2 

Ni N2 1400 - 1900 Up to 2 

Cu N2 1400 - 1600 Up to 2 

Ag N2 1300 Up to 2 

In Figure 1, for the grade EK49 and in Figure 2 for the grade EK94, the hydrogen concentration was 0.0003 % 
each, which is acceptable values for steel and iron-based alloys. These steels can be used for work in corrosive 
environments and at high temperatures. 

 

Figure 1 The percentage of hydrogen in the alloy EK49 
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Figure 2 The percentage of hydrogen in the alloy EK94 

7. CONCLUSION 

Hydrogen embrittlement of structural alloys is a complex process. Its development is determined by a number 
of positions, namely: the type of hydrogen source through the mechanism of its transfer and interaction with 
the metal, the specifics of damage to materials. To reduce the susceptibility of a structural alloy to the damaging 
effects of hydrogen, it is necessary to carefully and thoroughly examine each of these items, it is especially 
important that such a study be carried out in relation to a specific alloy and to specific conditions of its technical 
application. 
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Abstract  

The experiment aimed on influence of shielding gas flow rate on properties of single V groove butt weld of high 
strength ultra-fine grained steel S960QL (XABO 960) and filler material G 89 6 M21 Mn4Ni2CrMo (X90) is 
described in this article. The steel S960QL is sensitive to presence of hydrogen in material structure, in exceed 
of maximal recommended content (<5ml/100g) the cold cracking may take place. During the experiment 
specimen 1 with reduced flow rate 5 l.min-1 and specimen 2 with recommended flow rate 14 l.min-1 was welded. 
The active shielding gas Corgon with the 82 % Ar and 18 % CO2 ratio was used. Flow rate of shielding gas 
has a noticeable influence on properties of welded joint. Because of specimen 1 reduced flow rate the full 
penetration was not achieved, chemical composition evaluation of weld metal shows fewer deoxidizing 
elements (Si, Mn, Ti) and increased hydrogen contents (≈18 ml/100g) as a result of chemical reaction between 
weld metal and air during welding. The increased hydrogen content, type of base metal and lack of penetration 
were the reasons of fracture of the specimen 1. Cold cracking was confirmed by hydrogen content 
measurement and by fracture surface evaluation by optical and electron microscopy. The porosity, fish eyes 
and cleavage facets typical for brittle fracture was found by microscopy. The high-quality weld with low content 
of hydrogen can be obtained with the recommended shielding gas flow rate, the flow rate adjustment is one of 
method how to avoid cold cracking of welds. 

Keywords: Hydrogen induced cracking, cold cracking, shielding gas, S960QL, MAG 

1. INTRODUCTION 

The high strength structure steels (e.g. S960QL) are very cold cracking susceptible. It is easily possible to 
reach the cold cracking material conditions after a welding process - obtaining of a hydrogen sensitive material 
structure, exceeding of maximum recommended hydrogen content in material structure and a residual tension 
stress. The brittle trans- granular fracture is typical for the cold cracking. [1-3]  

One of the influence on the cold cracking susceptibility of high strength steel welds has microstructural 
constituents and chemical composition, Yi and col. [4] found out, the that acicular ferrite produced the greatest 
resistance to cold cracking and the retained austenite had no effect on the cold cracking susceptibility at a low 
preheating temperature. Alloying elements for nucleating acicular ferrite, such as Ti, Al, and V, are required 
for proper austenite grain size. Kim and col. [5] proved influence of Ni content in weld metal on cold crack 
susceptibility. The 1.5 %Ni wire resulted in a weld microstructure with a lower grain boundary ferrite content 
associated with an increased proportion of acicular ferrite. According to Weglowski and col. [6] the heat cycle 
and preheating temperature decided of tendency to cold cracking and the optimal preheating temperature was 
100 °C. The composition of the shielding gas has a influence on the cold cracking, based on the Chen and col. 
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[7] the shielding gas mixture can exert a major influence on weld metal transverse cold cracking behavior. In 
his research welds with preheat temperatures higher than 40 °C no weld metal cracking was observed using 
a shielding gas consisting of argon with 20 % carbon dioxide. In contrast, the no-crack condition was not 
achieved for a shielding gas consisting of argon and 5 % carbon dioxide for preheat temperatures lower than 
100 °C. The content of the Hydrogen in weld metal is critical, Pitrun and col. [8] published that the research 
results indicate that the weld metal susceptibility to cold cracking correlates with diffusible hydrogen content. 
It was found that, without preheat weld deposits (< 5 ml/100 g) did not crack whereas all those weld metals (> 
5 ml/100 g) exhibited cold cracking. The researchers use mostly the Y groove Tekken test [4,6] or the Gapped 
bead-on-plate test(G-BOP) [5,8] for an evaluation of the welds cold cracking susceptibility. 

The material structure sensitive on hydrogen effect is the quenched structure - martensite. The martensite or 
the martensite-bainite material structure is obtained in the weld metal, heat affected zone and the base metal 
of S960QL steel welds in a combination with the filler material G 89 6 M21 Mn4Ni2CrMo. The content of the 
hydrogen in material structure can be critically increased by a base metal manufacturing, during a technological 
operation or by an environment exposure during product utilization. The high level of residual stress occurs in 
the material after a welding process. This tenseness has a significant influence on the cold cracking. [4-6] 

2. EXPERIMENT 

The aim of the experiment was to evaluate an influence of the shielding gas flow rate on properties of the 
welded joint and the cold cracking occurrence. The GMAW welding method was used. The single V groove 
butt weld with the opening angle 60° and the root gap 0.8 mm. The joint preparation followed EN ISO 9692-1 
recommendations. The plate thickness was 5 mm. 

Two specimens were used for the evaluation of the flow rate influence. Both specimens were welded with the 
same welding process parameters the only difference was in the shielding gas flow rate. The recommended 
flow rate of the shielding gas l [l∙min-1] can be determine according to the formula l = 10∙d +2 [l∙min-1], where d 
[mm] is the filler material wire diameter. The recommended value of the shielding gas flow rate was 14 l∙min-1 
during the welding of the specimen 1 the flow rate was reduced to 5 l∙min-1. The active shielding gas Corgon 
(EN ISO 14175- M21- ArC- 18) with the 82 % Ar and 18 % CO2 mixing ratio was used. 

The welding process parameters are in Table 1. The t8/5 was calculated in the WeldCalc (SSAB) software. 
The values in the Table 1 and the thermal efficiency 0.8 [/] was used for the calculation. The welding was 
performed without a preheating of the material the initial material temperature was equal to a laboratory 
temperature (≈ 22 °C). 

Table 1 Welding process parameters 

Specimen 
No. 

Current  
(A) 

Voltage 
(V) 

Welding 
speed 

(cm∙min-1) 
Heat input 
(kJ∙mm-1) 

Flow rate 
(l∙min-1) 

t8/5 

 (s) 

1 170 20 30 0.54 5 11.9 

2 170 20 30 0.54 14 11.9 

The macrostructure evaluation, the visual testing according to EN ISO 17637, the X-Ray fluorescent 
spectroscopy analysis of the weld metal chemical composition, the thermal conductivity detection method 
for an assessment of the hydrogen content in the weld metal and both the optical and the electron microscopy 
on the surface of the fracture was performed on the specimens. 

3. MATERIAL 

The ultra-fine grained high strength steel S960QL (XABO 960) according to the EN 10025-6 with dimensions 
350 x 150 x 5 mm was used as a base metal of the specimens. The filler material G 89 6 M21 Mn4Ni2CrMo 
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(Böhler Union X90) according to the EN ISO 16834-A with a wire diameter 1.2 mm was used for the welding. 
The mechanical properties of both materials are in Table 2, the chemical compositions are in Table 3. Both 
mechanical properties and chemical composition was obtained in inspection certificate 3.1 according to EN 
10204 

Table 2 Mechanical properties 

Material 

Yield strength Rp0,2 

(N∙mm-2) 

Tensile strength Rm 

(N∙mm-2) 

Elongation A5 

 (%) 

Impact energy  

(J) 

XABO 960 1033 1055 15 40 (-40 °C) 

Union X90 ≥890 950 - 1180 ≥15 47 (-60 °C) 

Table 3 Chemical composition (wt%) 

Material C Si Mn P S Cr Mo Ni V Ti Al Nb 

XABO 960 0.17 0.22 1.24 0.009 0.001 0.21 0.597 0.05 0.04 0.03 0.051 0.015 

Union X90 0.11 0.77 1.79 0.01 0.01 0.35 0.59 2.20 <0.01 0.07 <0.01  

4. EQUIPMENT 

The optical microscope Nikon SMZ 1500 was used for the macroscopy evaluation, the manual Energy 
Dispersive X-ray Fluorescence spectrometer Vanta Element was used for the weld metal chemical composition 
evaluation, the Bruker elements Galileo G8 OHN was used for the evaluation of hydrogen content, the optical 
microscope Nikon SMZ 1500 and the scanning electron microscope Jeol JSM-7600F was used for evaluation 
of fracture surface. 

5. RESULTS 

5.1. Visual testing 

The visual testing was performed in accordance with the standard EN ISO 17637 and evaluated in accordance 
with the standard EN ISO 5817 in the quality level C.  

The longitudinal crack (imperfection No. 101 according to EN ISO 6520-1) in the center of the weld of the 
specimen 1 occurred after cooling down see the Figure 1 (left). During the visual testing of the root the lack of 
penetration (imperfection No. 4021 according to EN ISO 6520-1) was found out, see the Figure 1 (right). 
Imperfections are critical, for the selected quality level C are these imperfections impermissible. The result of 
the visual testing of the specimen 2 was accessible - without imperfections.  

 

Figure 1 Specimen 1 - The longitudinal crack and the lack of penetration 
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5.2. Weld macrostructure evaluation 

The cross section was polished and afterwards etched with a Nital 5 %. The macrostructures of both specimens 
are in the Figure 2. The lack of penetration with the depth 0.7 mm, which was recognized during visual testing 
and the porosity caused by reduced flow rate of shielding gas is clearly visible in the picture of specimen 1. 
The cross section of specimen 2 confirmed the visual testing result. 

 

Figure 2 Cross sections of the specimen 1 (5 l∙min-1) and specimen 2 (14 l∙min-1) 

The shielding atmosphere flow rate had a significant influence on an amount of the heat in the weld pool and 
in consequence of it on the final appearance, penetration and reached quality of the weld, based on 
comparison of the cross sections. The weld seam has a deeper penetration it is narrower and has fewer excess 
of weld metal with the use of the higher flow rate. 

5.3. X-Ray fluorescent spectroscopy analysis 

The aim of the X-Ray fluorescent spectroscopy analysis was the evaluation of the flow rate influence on the 
weld metal chemical composition. The chemical compositions of the specimens weld metal are in the  
Table 4.  

Table 4 Chemical composition of the weld metals (wt%) 

Specimen No. Si Mn P S Cr Mo Ni V Ti Al Nb 

1 0.22 1.24 0.009 - 0.29 0.59 1.53 0.018 0.019 0.017 0.02 

2 0.77 1.79 0.01 - 0.25 0.57 1.56 0.008 0.041 0.015 0.0 

The content of the deoxidation elements (Si, Mn, Ti) is reduced in the specimen 1 as a effect of the insufficient 
joint protection and a reactions between weld pool and the air gases - formation of the SiO2, TiO2 and MnO in 
form of a slag. 

5.4. Thermal conductivity detection method 

For evaluation of the hydrogen content the thermal conductivity detection method was used. The obtained 
contents of the hydrogen in the specimens are in the Table 5. The sample of the weld metal with the weight 
lower than 0.4 g was necessary for this method.  

Table 5 Hydrogen content in weld metal 

Specimen No. Sample weight (g) H2 (ppm) H2 (ml/100g) 

1 0.284 16.2 18 

2 0.3453 1.5 1.7 
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The shielding gas flow rate had obvious influence on the hydrogen content in weld metal. The weld metal of 
the specimen 1 contents more than 10 times as much hydrogen as the weld metal of the specimen 2.  

5.5. Optical microscopy evaluation of fracture surface 

The magnified fracture surface is in the Figure 2. In the Figure 2 left is visible porosity - imperfection 2013 
according to EN ISO 6520-1. The porosity size exceeds the standard EN ISO 5817 quality level C allowance 
limit. In Figure 3 right are visible fish eyes, lack of penetration and cleavage facet. 

 

Figure 3 Specimen 1 - Fracture surface (Optical microscope) 

The presence of the porosity and the fish eyes confirms the high content of gases in the weld pool due to 
reduced shielding atmosphere flow rate during welding. Cleavage facet from lack of penetration shows the 
location of crack initiation.  

5.6. Scanning electron microscopy evaluation of fracture surface 

The magnified fracture surface is in Figure 4. In Figure 4 left it is visible the detail of the cleavage facet, typical 
for brittle transgranual fracture and cold cracking. In Figure 4 right regular micro porosity can be seen, it 
confirms the result of optical microscopy result.  

 
Figure 4 Specimen 1 - Fracture surface (electron microscope) 

6. DISCUSION 

The cold cracking occurrence is one of a difficulty due to welding of the high strength steels. The cold cracking 
susceptibility can be influenced by the chemical composition and the material structure, but the change has in 
consequences effect on material strength, as confirmed Yi and col. [4]. The cold cracking took place As a 
result of high hydrogen content in weld metal of specimen 1 (18 ml/100g), the measured content confirms the 
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conclusions of Pitrun and col. [8]. The preheating temperature and thermal cycle during welding influences the 
hydrogen content in the welded joint, according to Welglowski and col. [6]. The preheating is for the S960QL 
steel recommended from 8 mm of a plate thickness [2,3]. 

The shielding gas flow rate had the significant influence on the weld pool shape and quality and strength of 
the joint. The performed macroscopy evaluation corresponds with the research performed by Chen and col. 
[7]. The shielding gas flow rate influenced the chemical composition of the weld metal. 

The cold crack susceptibility of the S960QL welded joint is influenced by a filler material strength selection. In 
combination with the filler material with a lower yield strength (e.g. G 69 4 M Mn3Ni1CrMo) the ductility of weld 
metal is increased but the strength is reduced [2,3].  

7. CONCLUSION 

The influence of the shielding gas flow rate on the properties of the S960QL welded joint was investigated. 

 The shielding gas flow rate influences the weld pool shape and both quality and strength of the welded 
joint; 

 The shielding flow rate influences the chemical composition of the weld metal; 
 The shielding flow rate influences the hydrogen content in the weld metal by reduction to 5 l∙min-1 the 

hydrogen content grows up to 18 ml/100g. This content exceeds recommendation < 5 ml/100g; 
 The cold crack took place by reduction of flow rate. The microscopy confirmed fish eyes and brittle 

transgranual fracture, typical for cold cracking. The lack of penetration was location of crack initiation; 
 It is necessary to fulfill the thermal cycle, flow rate and preheating temperature recommendations of the 

steel producers for quality welded joint achievement. 
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Abstract 

The main objective of the research was to determine the influence of local laser treatment on the process of 
elastoplastic deflection of the sheets under bending force. FEA modelling results show, that the location of the 
treated area and the number of laser tracks on a thin-walled sheet surface had a large influence on the stress 
distribution and sheet deflections during bending. The FEA analysis of equivalent Von-Mises stresses, normal 
stresses, deflection of steel sheets and applied bending forces confirms that the steel samples with the laser-
treated area have greater resistance against bending and reduced deflection under the same bending forces. 
FEA investigation shows that a greater strengthening effect on thin-walled steel sheets could be achieved 
through the application of double-sided laser treatment of the sheet surface in comparison with untreated or 
one-side treated steel sheets. 

Keywords: Hypoeutectoid steel, thin-walled sheet metal, reinforcing ribs, laser treatment, FEA modelling 

1. INTRODUCTION 

Current methods to increase the mechanical stiffness of thin-sheet metals are mainly design methods based 
on the relationship between construction geometry and stiffness. The creation of ribs or thick areas increase 
stiffness, but this also leads to an increase of the dimensions and weight of the final products [1]. The new 
metal processing technologies enables manufacturers to control and improve the properties of metals and 
metalworking products. Laser treatment is one such modern technique, which can be applicable for this 
purpose. Local laser-induced heating allows the creation of local areas with structure, hardness and overall 
mechanical properties differing with the rest of the metallic structure [2]. Laser heat treatment (LTH) is a heating 
and surface modification process of the base material, which helps to locally initiate a transition of the structural 
phases of treated by laser metal and change the microstructure and properties of this metal areas; for instance, 
it may increase their stiffness or hardness. Therefore, such a technique can significantly reduce the total weight 
of the steel product and increase the most important mechanical properties of specific structural elements at 
the same time [3]. Prediction of the mechanical properties of the laser-treated zones, as well as the prediction 
of distribution and values of the internal stresses and mechanical deformations that occur in the whole thin-
sheet structure after laser treatment under a working force, helps to control and affect the rigidity or stiffness 
of the such metallic structure significantly. Finite element analysis (FEA) is a powerful numerical and design 
tool for nonlinear mechanical analysis of bended structures. FEA models can be generated for all design 
concepts considered. The FEA model and nonlinear mechanical analysis of bending stress distribution and 
deflection of thin steel sheets treated by laser for their strengthening are presented in this work. The efficiency 
of local laser processing for strengthening of structural elements made from thin sheet steel discussed in this 
paper. The influence of varying the amounts, distance and location between the laser tracks on the final 
bending stress distribution and deflection of thin sheet samples was analysed by the FEA method.  
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2. AIM OF THE STUDY 

The main goal of this study was to simulate and analyse the influence of laser treatment on the elastoplastic 
deflection of steel sheets under a bending force. The mechanical properties of the laser-treated zones were 
predicted taking into account the results of previous experimental research of the microstructure and hardness 
of the laser-treated zone of a thin sheet of similar low carbon steel. Several 3D models of the bended sheet 
were created, varying the quantity and distance between the laser tracks.  

3. OBJECT OF THE STUDY 

Steel is one of the most important constructional materials around the world [4]. Approximately, 20 billion 
tonnes of steel manufactured in the world each year and represents around 95 % of all produced metals [5]. 
High-quality low carbon steel is one of the most popular and largest groups of structural steels, which typically 
contain from 0.04 % to 0.30 % carbon content. Most steels used throughout Europe are specified to comply 
with European standards EN 10025 and EN 10250. Structural high-quality carbon steel (1.1158, C25E) 
containing less than 0.3 % carbon was used in this work (Table 1). Typical chemical composition of this 
hypoeutectoid steel (in wt%): 0.22 - 0.29C; max 0.40Si; 0.40 - 0.70Mn; max 0.035S; max 0.035P; max 0.63 
(Cr+Mo+Ni). The microstructure and mechanical properties of this hypoeutectoid steel according to standard 
EN 10250-2 can vary depending on the heat treatment [6]. 

Table 1 Mechanical properties of steel 1.1158 [7] 

Elastic modulus 
E (GPa) 

Yield strength 
R0.2 (Mpa) 

Tensile strength 
Rm (Mpa) 

Relative extension 
(%) 

Hardness (HV) 
(-) 

190-200 Min 230 440 Min 23 142 

4. METHODOLOGY OF RESEARCH 

Version 16 software was used for FEA simulation of the elastoplastic deflection of laser-treated thin sheet 
metal under a bending force. Appropriate mesh models of laser-treated thin sheet metal plates were generated, 
taking into account the real geometry of the sheet sample and quantity of treated layers; physical properties 
of the steel and treated layer, character of metal stress-strain curves, value of bending force and boundary 
conditions. The dimensions of the thin sheet metal 100 x 30 x 2 mm, area of laser-treatment 40 x 30 mm, depth 
of treatment 0.35 mm are identical in all FEA models. The area of laser treatment was located in the zone of 
maximum internal stresses. Three variants of dislocation of the laser-treated area on a sheet (on the top, 
bottom and both sides) was applied. Three variants of distances between the laser-treated tracks (with overlap, 
distances of 0.35 mm and 0.7 mm) (Figure 1, Table 2) are used. 

 

Figure 1 Cross-section view of laser treated sample: a - case I-I; b - case II-II; c - case III-III; d - cross-
section view of laser track 
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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 

On the top 

Overlap 57 I-I 

0.35 27 I-II 

0.7 21 I-III 

On the bottom 

Overlap 57 II-I 

0.35 27 II-II 

0.7 21 II-III 

Double side 

Overlap 114 III-I 

0.35 54 III-II 

0.7 42 III-III 

Untreated plate - 0 X 

Two different stress-strain curves and physical material properties (for base material and laser-treated tracks) 
were used for the FEA models (Table 3). The bending stand model was created as a three-point bending 
device according to ISO 7438:2016 [8]. The 60 mm distance between supports and 10 mm width of punch 10 
mm was used. The two structural supports were modelled as movable roller supports (Figure 2 a). Boundary 
conditions: main support - fixed, 0 degree of freedom; punch - avaivlable displacement, 1 degree of freedom; 
metal plate - available displacement, 2 degree of freedom. The 2 mm maximum applied deflection was used. 

 

Figure 2 3D model of bending device a - general view; b - stress-strain curves: 1 - base material, 2 - laser-
treated area 

Table 3 Mechanical properties of base metal and laser treated layer used to FEA simulation [10,11,12] 

Material Modulus of Elasticity 
E (GPa) 

Shear Modulus 
G (GPa) 

Yield strength 
σ0.2 (MPa) 

Ultimate Strength 
σB (MPa) 

Base metal 200 78.1 275 440 

Layer treated by layer 210 82 412 665 

A mixture of 3D Solid brick and tetrahedral elements was used to mesh the model of the thin metal sheet. The 
untreated part of the model metal plate consisted mostly of large-scale elements. The maximum mesh size of 
untreated area was about 0.7 mm. The mesh density of the treated area was increased. The maximum mesh 
size of treated area was less than 0.12 mm. A Bilinear Isotropic Hardening model was used for the numerical 
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investigation of the physically nonlinear problem [9,13]. The stress-strain curve of the basic metal is established 
experimentally. The stress-stain curve of the treated layer was predicted taking into account the data of 
hardness measurement and it relation with yield and tensile strain of metal. The dependences of the nonlinear 
part of the strain-stress curves are simplified to linear relevant for the Bilinear Isotropic Hardening model. 
(Figure 2 b) [15]. 

5. RESULTS 

The results of the FEA simulation are presented in Figures 3-6 and Table 4.  

 

Figure 3 Distribution of internal stresses. Model of test sample X (strain 1.0 mm): a - general view, b - top 
view of the plate, c - bottom view 

 

Figure 4 Distribution of internal stresses. Model of test sample I-I (strain 1.0 mm): a - general view, b - top 
view of the plate, c - bottom view 

 

Figure 5 Distribution of internal stresses. Model of test sample II-II (strain 1.0 mm): a - general view, b - top 
view of the plate, c - bottom view 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

403 

 

Figure 6 Distribution of internal stresses. Model of test sample III-III (strain 1.0 mm): a - general view,  
b - top view of the plate, c - bottom view 

Table 4 Results of FEA simulation of the elastoplastic deformation 

Bending strain (mm) 0.5 1.0 1.5 2.0 

Untreated sample (X) 

Von Mises equivalent stress (MPa) 306.1 418.05 421.89 433.26 

Bending force (N) 391.99 683.45 786.69 843.7 

Treated sample I-I 

Von Mises equivalent stress (MPa) 328.89 442.6  446.13 480.17 

Bending force (N) 453.39 725.65 846.26 902.64 

Treated sample I-II 

Von Mises equivalent stress (MPa) 321.67 431.59 434.73 459.61 

Bending force (N) 435.61 713 808.65 875.86 

Treated sample I-III 

Von Mises equivalent stress (MPa) 315.82 421.19 431.37  439.09 

Bending force (N) 425.57 693.67 804.23  847.82 

Treated sample II-I 

Von Mises equivalent stress (MPa) 332.45 442.64 453.32 484.32 

Bending force (N) 455.22 727.06 861.36 917.23 

Treated sample II-II 

Von Mises equivalent stress (MPa) 322.13 433.72 438.35 459.82 

Bending force (N) 440.8 713.45 827.4 876.67 

Treated sample II-III 

Von Mises equivalent stress (MPa) 318.38 430.69 432.04   451.23 

Bending force (N) 428.9 698.02 806.23 873.7 

Treated sample III-I 

Von Mises equivalent stress (MPa) 340.92 446.23 471.5 489.72 

Bending force (N) 469.7 776.66 897.98 958.24 

Treated sample III-II 

Von Mises equivalent stress (MPa) 324.08 440.94 444.32 475.2 

Bending force (N) 452.57 720.42 838.53 898.94 

Treated sample III-III 

Von Mises equivalent stress (MPa) 323.43 436.78 440.31 470.92 

Bending force (N) 442.4 714.66 835.76  893.02 
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The analysis of data from Table 4 shows that the greatest strengthening effect was achieved when the sheet 
steel was treated by laser from both sides with overlapping of laser tracks. The difference of achieved maximal 
mechanical stresses in the samples treated from both sides in comparison with untreated sheet was up to  
12 %. The maximum value of applied bending force required for bending of both-side treated samples was up 
to 20 % greater than for untreated samples. However, the differences of application efficiency of laser 
treatment with overlapping and discontinuous surface treatment (with different distances between laser tracks) 
are very small. Therefore, the technique of laser treatment with different distances between laser tracks is 
more reasonable and economical, because a smaller volume of metal was melted or heated, a smaller heat-
affected zone was affected and lower thermal deformation of the product were achieved. 

6. CONCLUSIONS 

The results of FEA simulations of elastoplastic deformation of bended steel sheet shows that local laser 
processing can be used to strengthen thin sheet from hypoeutectoid steel C25E by up to 13 %, as an 
alternative to the application of complex geometric shape or additional strengthening elements. The FEA 
simulation can be used for the prediction of the required laser treatment area (geometry and localization of 
processed area, depth of laser penetration, orientation, and quantity of laser tracks) on the particular material. 
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Abstract 

These days is still increasing emphasis put on making the production process of sheet metal stampings, which 
are used in the automotive, aerospace or power industries, more accurate and fast. These aspects need to be 
proportionately respected with respect to the economic side of these components production and in light of 
still increasing environmental requirements. This paper deals with the research of tested ultra-high strength 
steel mechanical properties under conditions of planar simple shear test (ASTM B831). The research of these 
properties is applied for ultra-high strength TRIP steel HCT690T EN 10346. In the experimental part was 
carried out plane shear tests to determine the basic mechanical properties and deformation characteristics of 
tested material. In the future research, measured data will serve as additional input material characteristics for 
numerical simulations, which can contribute to increase accuracy of computation for the given forming process.  

Keywords: Ultra high strength steel, mechanical properties, planar simple shear test, photogrammetry 

1. INTRODUCTION 

These days, (ultra) high-strength steels belong among the most interested materials in the automotive industry 
- not only for their high strength, but also for their relatively favourable processing properties, which depend 
on the given type of steel. These materials can be applied for the production of various car-body components, 
reinforcements or e.g. deformation zones. Moreover, tendency to use these materials rests mainly in the 
ecological aspects - reduction of CO2 production, thus to reduce the specific weight of cars. 

In order to correctly define and stabilize the production process of given components, numerical simulation is 
nowadays the integral part of preparation phase for the whole process. With the help of numerical simulation, 
it is possible to simulate the production process of relevant part and thus to obtain both stress and strain 
analysis of such production process. For the correct running of these numerical simulations, it is necessary to 
describe and define in detail the individual material properties and characteristics, which are determined by 
the material testing. To more accurately description of material deformation behaviour during numerical 
simulation, it is necessary to apply the advanced material computational models. These material models run 
on the basis of input material characteristics, which must be implemented into the environment of numerical 
simulations. However, the material basic mechanical properties aren´t enough here, but it´s needed to 
supplement the data arising from other types of material testing. As one of these additional tests, there is 
planar shear test, by which can be determined the stress-strain curve of tested material under shear stress. 
The following chapters describe and evaluate the planar shear test of TRIP steel HCT690T EN 10346. 

2. EXPERIMENTAL PART - PLANAR SHEAR TEST 

Shear test is a material test, where is applied the shear stress on the tested material. Such material test is 
performed as a simple shear stress test according to the American standard ASTM B831 (ASTM, 2005). This 
test is used for simulation of shear stress condition in one shear zone of formed material to determine the 
mechanical properties of material under shear stress. As a result of this test there is a stress-strain curve of 
tested material and consequently the resulting mechanical properties of material at shear stress [1-3]. 
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This is a planar shear test, where the sample is clamped in the jaws of testing device and by means of the 
jaws translational movement is required shear stress state created right in the center of sample - i.e. in the 
area of so-called bridge due to the sample geometry (see Figure 1). The initial dimensions of tested sample 
were as following: initial measured length in the bridge L0 = 4.72 mm and thickness t0 = 1.14 mm [1,2]. 

 
Figure 1 Loading scheme of sample at planar shear test 

To perform the shear test, samples of the given initial dimensions and required geometry were prepared by 
the laser cutting machine (see Figure 2). Individual samples were cut out in the directions 0°, 45° and 90° with 
respect to the rolling direction of the base material - rolled metal sheet. Own shear test was performed at the 
testing device TIRAtest 2300, where the sample was clamped in its jaws and loaded by the uniaxial tensile 
stress state. The force was recorded by the strain gauge head integrated in the testing device, the longitudinal 
displacement and relevant strains were measured by the optical device from Sobriety company. 

 

Figure 2 Laser cutting of sample for the shear test (left) and final geometry of the sample for planar  
shear test (right) 

In order to be able to detect the displacement and deformation of the material by an optical device, it was 
necessary to provide the samples for shear test with a special pattern, by which software creates a deformation 
network of so-called facets. The displacement of these individual facets is then identified by the evaluation 
software at each point during the test performance. Based upon the displacement of these facets, it is then 
possible to evaluate the deformation of the material in the area of shear stress. The realization of the shear 
test on the testing device TIRAtest 2300 can be seen in Figure 3 (left) and scanning of the sample using the 
optical system MERCURY RT is shown in Figure 3 (right). In the upper part is shown area for computation 

F F 

L0 
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(blue colour) and there is also shown initial distance between two points (magenta colour), which was 
subsequently used as change of length ∆L. 

  

Figure 3 Realization of the planar shear test (left)  
and scanning of sample by means of the contact-less optical system MERCURY RT (right) 

Using the planar shear test, force vs. displacement of the test sample at the area of planar shear zone was 
determined. This dependence was further recalculated to the dependence of effective stress σi and effective 
strain φi according to the Von Mises yield criterion, which is done by Equation 1. 

9: 	 ;<
� �9=< > 9<< > 9�<�                                               (1) 

where: 

9:- effective strain (1),    

9=, 9<, 9�- relevant major strains (1). 

In order to mathematically define this resulting dependence of effective stress and strain values into the 
environment of numerical simulations, relevant stress-strain curve was subsequently replaced according to 
the Krupkovsky power law approximation that is expressed by Equation 2 [4]. 

6 	 K 5@A > 5-!0               (2) 

where: 

σ - true stress (MPa), K - strength coefficient (MPa), n - strain hardening exponent, εpl - plastic true strain and 
ε0 - offset of strain.  
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3. RESULTS 

In this paper was deformation analyzed with the help of photogrammetry - i.e. contact-less deformation 
measurement by software MERCURY RT. Own deformation was evaluated by the Von Mises yield criterion 
directly in the same software. The subsequent complete evaluation of stress-strain curves and final 
dependences was done is software Origin 2020. In Figure 4 course of the plain shear test in the environment 
of Mercury RT is illustrated. In the left part scanned area is shown, where deformation occurs. Individual colors 
represent relevant magnitude of strain acc. to scale. In the right part own course of deformation during the 
plain shear test in dependence on time is by graph illustrated. The determined values of mechanical properties 
at planar shear stress are then presented in Table 1. 

 

Figure 4 Von Mises strain distribution at planar shear test in the environment of software MERCURY RT 
(major strain E1 - green curve; minor strain E2 - blue curve, strain in the X direction EXX - red curve; strain in 

the Y direction EYY - brown curve; Von Mises strain - magenta curve)  

Table 1 Mechanical properties of TRIP steel HCT690T under shear stress 

Rolling direction 
(°) 

Rp0,2 
(MPa) 

Rm 
(MPa) 

C 

(MPa) 

n 

(1) 

φ0 
(1) 

0 159.72 294.51 392.467 0.1867 0.0028 

45 151.22 268.49 362.486 0.1769 0.0013 

90 163.02 282.27 355.695 0.1392 0.0008 

Determined dependences of effective stress vs. effective strain during the planar shear test at individual 
directions 0°, 45° and 90° regarding the rolling directions are graphically shown in Figure 5 (left). In addition 
to that, in Figure 5 (right) is given an example of computation Krupkovsky approximation to determine relevant 
approximation constants C, n and φ0. 
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Figure 5 Effective stress σi (MPa) vs. effective strain φi (1) in the relevant directions (left) 
and example of approximation according to Krupkovsky (right) 

4. CONCLUSION 

In the previous chapter are summarized measured results and determined mechanical properties of material 
under planar shear stress. Graphs then show the stress-strain curves in the relevant directions as 
dependences of effective stress and strain during shear test, as well as an approximation of these 
dependences according to Krupkovsky. 

The implication of this article rests in the utilization of experimental research results, which will further serve 
as additional input data and material characteristics to define the material computational model in the numerical 
simulation of sheet metal forming process. These additional data can increase not only the accuracy of the 
deformation process computation, but subsequently also the material spring-back at bending. Based on these 
facts, it is also possible to perform the so-called compensation and thus to guarantee the most accurate results 
of numerical simulations in the production process. 
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Abstract 

INCEFA-PLUS (INcreasing Safety in NPPs by Covering gaps in Environmental Fatigue Assessment) project 
characterized environmentally assisted fatigue of stainless steels in light water reactor environments. During 
this project more than 200 fatigue tests have been carried out in different laboratories across Europe in air and 
water environment. Most tests were performed on a single batch of 304L, an austenitic stainless steel alloys 
employed in NPPs. The tests addressed the effects of strain amplitude, hold time periods, material roughness 
and mean strain/stress on fatigue endurance. A limited number of tests was carried out on other batches of 
304L and on X6 CrNiTi 18 10, a Ti stabilised steel used in VVERs. Additionally, activities on the effects of 
mean stress under strain control, testing at reduced environmental fatigue correction factor Fen, and different 
applications of hold time as well as biaxial fatigue tests have been carried out. The data obtained has been 
collected and standardised in an online environmental fatigue database MatDB.  

Keywords: Experimental testing fatigue, environment fatigue, steel 304L 

1. INTRODUCTION  

INCEFA-PLUS (INcreasing Safety in NPPs by Covering gaps in Environmental Fatigue Assessment) is a 
project supported by the European Commission HORIZON2020 programme. 16 organisations from across 
Europe are participating in this project. During this project, new experimental data was obtained which will 
support the development of improved guidelines for assessment of environmental fatigue damage to ensure 
safe operation of nuclear power plants. 

The objective of the INCEFA-PLUS project was to develop new guidelines for the assessment of environmental 
fatigue damage susceptibility for NPP components. Accordingly, in this project has been invested to improve 
understanding of EAF in LWR conditions, e.g. [1,2,3]. The INCEFA-PLUS project was started to study the 
influences of the parameters strain range ∆ε, mean strain ε, surface roughness Rt, hold time th and environment 
on the fatigue life Nf of stainless steels of relevance for European LWRs. For the INCEFA-PLUS the summary 
of test conditions and relevant parameter ranges is presented in Table 1. 

This paper summarizes the data that is generated during the project and provides a preliminary overview of 
the hold effects to fatigue.  
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Table 1 Summary of the test conditions (έ -strain rate, T - temperature) [4] 

Parameter Low level Middle level High level Comment 

∆ε [%] 0. 6  1.2  

ε [%] 0  0.5 only for phase I 

Rt [µm] 0.76 ≈ 20 > 40 Rt > 40 for phase II only 

th [h] 0  72 0 or 3 holds of 72 h at mean strain; cycles with 
holds depend on test conditions, see Table 2 

έ [%/s] 0.01  0.1 rising έ in PWR env., falling έ and air tests may 
vary; ˙ ε = 0.1 %/s in phase III only 

T [◦C] 230  300 T =  230 °C in phase III only 

2. TEST PROGRAMME 

The INCEFA-PLUS test programme has been divided in three phases. During first two years tests for phase I 
were performed, in the third year - phase II, and after that - Phase III. Dividing the programme in different 
phases allowed slightly reorienting the later phases when the data from earlier phases became available. The 
programme focussed on the effects of the parameters strain rate ∆ε, mean strain ε, surface roughness Rt, hold 
time th and environment as well as their interactions on the fatigue life Nf in strain controlled LCF tests. The 
three test phases had slightly different foci:   

I. During the first test phase two values of each of parameters were considered. It was analysed strain 
rate ∆ε, mean strain ε, surface roughness Rt, hold time th and environment on fatigue life Nf.  

II. Because during phase I was not detected of an effect of mean strain ε on fatigue life Nf this parameter 
was dropped from the main test programme in phase II and a third surface roughness was introduced. 
In parallel, a limited test programme on the effects of mean stress under strain and stress control was 
carried out. 

III. The programme on strain and stress controlled testing with mean stress started in phase II was extended 
in phase III. 

Some additional effects also needed to be considered: 

 Specimen type: While all air tests and most tests in LWR environment were carried on full cylindrical 
specimens, some of the tests in environment were performed using hollow specimens. The final surface 
preparation processes varied depending on the type of specimen and desired surface roughness: 
polishing and grinding for full specimens and honing for hollow specimens  

 Material: Most tests were carried out on a single batch of 304L austenitic steel. But some data 
contributed from national programmes are on different heats of 304L, 316, or X6 CrNiTi 18 10, a Ti 
stabilized austenitic stainless steel used in VVERs.  

 Laboratory: The tests were carried out in different laboratories across Europe. To reduce interlaboratory 
scatter as far as possible, a detailed test protocol was defined to harmonize the test procedures for the 
project.  

Each test record is uploaded to a materials database operated by the European Commission 
(https://odin.jrc.ec.europa.eu/) and can be accessed by all project partners. Once a dataset is validated by the 
testing organization, a report is generated from the data stored in the database. A panel of fatigue experts from 
within the consortium considers every test on the basis of data like the cyclic stress and hysteresis curves. 
Only data that has been approved by the expert panel can be used in the final evaluation.  
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3. TEST RESULTS 

The test data has been uploaded to the data base and validated by the expert panel. The data used for the 
present study consists of 128 fatigue tests on the common material, batch XY182 sheet 23201 of 304L 
produced by Creusot Loire Industries. The data used here [5] contain:  

 53 tests in air and 75 in PWR conditions. 114 tests on full specimens and 14 tests on hollow specimens.  
 62 ground and 52 polished solid specimens; the hollow specimens all had a honed surface finish. 3 

runouts; these are indicated by  in the plots.  

The fatigue life Nf for the solid specimens is characterized as N25 i.e. the cycle during which the maximum 
stress during a cycle drops by 25 % compared to the extrapolation of the quasi-linear part of the maximum 
cyclic stress vs. cycle curve. 

The testing results in air and PWR condition at different strain range and compared to the mean reference 
curves from CR 6909 in air and PWR water is presented in Figure 1.  

 

Figure 1 Plot of the test data [5]. The NUREG CR-6909 mean curves for air (red) and PWR water (blue). 

4. HOLD EFFECTS TO FATIGUE 

VTT and E.ON have primarily tested Type 347 stabilised austenitic stainless steel in air using multiple hold 
times at elevated temperature of between 4 hours and 48 hours, with either a constant stress or constant strain 
maintained during each hold. Holds were applied between periods of strain controlled cyclic loading (in air) at 
either room temperature or elevated temperature [6]. A smaller number of results for Type 304 unstabilised 
material have also been reported. However, these tests with shorter holds were carried out at higher strain 
amplitudes (0.6 %, 0.4 %) at which the effects of longer holds may also be insignificant. In INCEFA+ hold time 
parameters for Phase I and II testing in strain-control are presented in Table 1 and Table 2. Hold position was 
during positive strain rate and hold strain at mean strain during cycle (0 % or 0.5 %). During fatigue a positive 
strain rate is 0.01 %/s and negative strain rate -0.1 %/s. Loading waveforms and hysteresis loops in air 
environment at 300 °C and hold period (72 h) at ε = 0 % is presented in Figures 2 a, b. The hysteresis loops 
(c) in air environment at 300 °C and hold period (72 hours) at ε = 0 % is presented in Figure 2c.  
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Table 2 Hold periods frequency 

εa (%)   Air environment (300 0C)  LWR environment (300 0C) 

Number cycles of the start a 3 holds  Number cycles of the start a 3 holds 

0.3  6000, 12000 and 18000  1200, 2400 and 3600  

0.6  1000, 2000 and 3000  200, 400 and 600  

 

a)                                                          b) 

 

c) 

Figure 2 Loading waveforms (a -at start of hold, b - at finish of hold, scaling of the stress axis is same) and 
hysteresis loops (c) in air environment at 300 °C and hold period (72 hours) at ε = 0 % 

As can see from Figure 3 the general trend of stress changes from number of fatigue is similar with and without 
holds. Only immediately after holding the stress increases, but after some time becomes same as stress 
without hold during fatigue. The results from phases I and II did not show any hold time effect - in contrast to 
what was observed elsewhere. Likely reasons for this discrepancy are differences between the applications of 
the hold time during the fatigue cycle. To increase the probability of observing a hold time effect, the strain 
range was reduced to 0.4 % and holds were performed under zero load control in Phase III. The hold times 
consist of three off 72 hours holds at 350 °C at 10.000 cycle intervals starting from the 10.000th cycles. Two 
of the tests feature cycling at an elevated temperature and two others cycling at room temperature. The latter 
case has been included since it should provide a more definitive answer for the effect of holds on 304L material 
with respect to hold time experiments conducted in the literature.  
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Figure 3 Stress amplitude versus cycles: comparison between LCF tests in air environment at 300 °C with 

and without hold periods 

At present time Phase III testing on hold effect is continuing according a described condition. The first testing 
data on hold effect are presented in Figure 4. The presented results at room temperature after each hold 
occurs hardening of the steel 304. After each hold the stress decreases, but the level of stresses are higher 
than before hold. In addition, the level of stresses is higher than in the case fatigue without hold.  

 

Figure 4 Effect of temperature and hold periods on cyclic stress amplitude of 304 L steel in air environment 

Given that some codes and standards have made provision for a future hold time effect, it is important that the 
INCEFA+ programme develops a robust and defensible position on hold times to disseminate to the 
international community. 

5. CONCLUSION 

The INCEFA-PLUS project has produced a large set of fatigue data in air as well as in a PWR environment. 
While testing and data upload for conditions with Fen = 2:68 is ongoing, the data with Fen = 4:57 is almost 
complete. In the current work, 128 fatigue tests on a single batch of 304L austenitic steel have been presented. 
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The fatigue life testing results in Phase I and Phase II did not show any hold time effect fatigue life Nf. The 
Phase III testing on hold effect is continuing and the conclusions will be reassessed once the complete data is 
available.  
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Abstract  

Current trend of long-term operation of NPP’s for more than 60 years requires assurance of its safety and 
reliability. One of the solutions how to extend service life of reactor pressure vessel (RPV) is thermal annealing, 
which became a verified technology and its application in nuclear industry was prompted mainly due to an 
inability of RPV exchange. At present time, there is no comparable method for RPV internals that are not 
monitored by surveillance program and their material is exposed to significantly more intense neutron flux than 
the RPV. Paper presents the thermal annealing as one of the possible solutions to provide and re-establish 
sufficient mechanical properties of RPV internals during the operation. According to previously obtained results 
of unirradiated material, two thermal annealing regimes for irradiated experimental material were selected - 
based on the annealing temperatures of 550 and 600 °C. The possibility of recovery of mechanical properties 
to the level almost corresponding to the initial state by the thermal annealing was studied by hardness testing 
and static fracture toughness tests before and after the thermal annealing of irradiated material. 

Keywords: Thermal annealing, austenitic stainless steel, reactor pressure vessel internals 

1. INTRODUCTION  

The reactor internals function is to support the core, to hold the fuel assemblies in place, to direct coolant flow, 
to hold and protect control rods in normal operation conditions and accident conditions. The reactor internals 
are designed to ensure cooling of the fuel, to ensure the movement of control rods under all operating 
conditions including accidents and facilitate removal of the fuel and of the internals proper following and 
accident [1,2]. The main components of the WWER reactor internals are the core barrel, the core shroud (core 
basket for WWER - 440) at the level of the core and the block of guide tubes. These components are fixed 
together and to the reactor vessel in a way, that allows their withdrawal, inspection, and partial repair as well 
as inspection of the reactor pressure vessel inner surface. The WWER reactor pressure internals are 
manufactured assembled and installed in line with requirements of the respective standards and quality control 
and assurance procedures [1,2].  

The main structural material for the WWER - 440 reactor internals is corrosion resistant titanium stabilized 
austenitic stainless steel 08Kh18N10T. Corrosion resistant 08Kh18N10T austenitic stainless steel (ASTM 
equivalent AISI 321) is chromium - nickel steel stabilized with titanium to prevent carbide precipitation and 
designed to work within the temperature range, where carbide precipitation can develop [3]. The aim of the 
project TH02020565 is to design several thermal annealing regimes and to demonstrate their application to 
unirradiated and irradiated materials. Mechanical properties evaluation of unirradiated specimen before and 
after annealing treatment (hardness tests) is necessary. In the next part of this project, mechanical properties, 
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evaluation of irradiated specimens after annealing treatment (hardness tests, static fracture toughness of 
miniaturized compact test) were tested. 

2. MATERIALS AND METHODS 

2.1. Material 

Testing specimens for the experimental program were made from the unirradiated and irradiated corrosion 
resistant austenitic stainless steel 08Kh18N10T. The chemical composition of the unirradiated austenitic 
stainless steel 08Kh18N10T is shown in Table 1. Irradiated materials used in this research program have its 
origin in Greifswald nuclear power plant (WWER 440) which had been closed after 15 years of service 
(Table 2).  

Table 1 Chemical composition of the corrosion resistant austenitic stainless steel 08Kh18N10T 

C Mn Si P S Cr Ni Cu Mo Al Ti V Nb N W Co H 

% % % % % % % % % % % % % ppm % % ppm 

0.05 1.66 0.52 0.031 0.005 17.5 10.1 0.12 0.09 0.058 0.35 0.07 0.024 130 0.03 0.04 1.4 

Table 2 Final dose for particular internal parts 

Material 08Kh18N10T 

Origin Greifswald I 

Irradiated 2.4 dpa 5.2 dpa 11.4 dpa 

 Component Core barrel Core baffle Core former 

2.2. Testing specimen preparation and experimental program 

For the purpose of this project, unirradiated test specimens with dimensions of 12 x 12 x 60 mm were cut from 
the unirradiated block of austenitic stainless steel 08Kh18N10T (Figure 1). Irradiated miniaturized CT 
specimen with dimensions 10 x 10 x 4 mm (Figure 2) for testing of mechanical properties (especially hardness, 
fracture toughness) were cut from the original block 1 NPP`s Greifswald of irradiated core barrel - AGS I 
(Figure 3) (WWER 440). Irradiated testing specimens were machined using by machine equipment located in 
hot cells Department of High Activity Laboratories and Irradiation Experiments (Figure 4).  

Figure 1 Unirradiated block of material of 
corrosion resistant austenitic stainless steel 

08Kh18N10T 

Figure 2 Miniaturized CT 
test specimen, UJV Rez, 

a. s. 

Figure 3 Irradiated samples 
from Greifswald I WWER 

440 NPP 
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Figure 4 A - Electric discharge machining, B - Equipment for grinding of sample located in hot cell 
Department of High Activity Laboratories and Irradiation Experiments, UJV Rez, a. s.   

3. EXPERIMENTAL RESULTS AND DISCUSSION 

In the first step of the experimental program, the mechanical properties (especially hardness) unirradiated and 
irradiated specimen before and after thermal annealing was measured. For this project, the Vickers hardness 
test method HV5 was selected (CSN EN ISO 6507-1 Metallic materials - Vickers hardness test - Part 1). The 
hardness test measurements of irradiated test specimens were made on Zwick/Roell Indentec ZBH 30. This 
device is in semi-hot cell in the laboratory of Mechanical Testing Department, UJV Rez, a. s.  

Based on the previous work by Petelova et. al. (2018, 2019) [4-6], two optimal thermal annealing regimes for 
unirradiated and irradiated testing specimen were selected: 550 °C and 600 °C.  Other process parameters 
were as follows: heating rate - 10 °C/min, holding time - 1, 2, 4 and 6 hours for unirradiated material, and 1, 4, 
6 hours for irradiated material, cooling - inside the furnace to room temperature, experiment duration - approx. 
24 hours, environment - air (2l per minute flow), specimen load - either one or several pieces, end of experiment 
- 50 °C or lower temperature. Laboratory of Mechanical Testing Department UJV Rez, a. s., is equipped with 
furnace (Figure 5), which is used for annealing of metallic materials in protective atmosphere at high 
temperatures.  

  

Figure 5 Annealing furnace located in hot cell - Laboratory of Mechanical Testing Department,  
UJV Rez, a. s. 

The hardness measuring results of unirradiated and irradiated material before and after thermal annealing are 
shown in Table 3 and Table 4. The influence of thermal annealing temperature and holding time on hardness 
test results of unirradiated and irradiated austenitic stainless steel 08Kh18N10T are graphically shown in 
Figure 6 and Figure 7. 
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Table 3 The hardness test results of unirradiated corrosion resistant austenitic stainless steel 08Kh18N10T 

Thermal annealing temperature [°C] Holding time [h] Hardness HV 5 

550 

1 171 

2 176 

4 182 

6 173 

600 

1 163 

2 173 

4 168 

6 177 

Table 4 The hardness test results of irradiated corrosion resistant austenitic stainless steel 08Kh18N10T  
              (core barrel, 2.4 dpa, Greifswald I) 

Thermal annealing temperature 
[°C] 

Holding time [h] Hardness HV 5 
(initial state) 

Hardness HV 5 
(thermal annealed) 

550 

1 249 230 

4 262 196 

6 292 231 

600 

1 251 201 

4 286 183 

6 292 190 

 

 

Figure 6 Comparison of hardness measurement results (HV 5) of unirradiated state of 08Kh18N10T steel - 
two thermal annealing temperatures 550 °C and 600 °C 
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Figure 7 Comparison of hardness measurement results (HV 5) of irradiated state of 08Kh18N10T steel - two 
thermal annealing temperatures 550 °C and 600 °C 

Based on results of all experimental activities, the optimal annealing regime seems to be 600 °C with holding 
time 4 or 6 hours. This temperature demonstrated positive material response to the thermal annealing. The 
hardness of the irradiated material decreased from 295 HV 5 to 190 HV5. This value of hardness almost 
corresponds to initial state of unirradiated austenitic stainless steel 08Kh18N10T.  

4. CONCLUSIONS 

The purpose of thermal annealing is the repair previous damage and to restore the initial properties of 
materials. This method can be applicable to WWER type RPVs` and internals with the aim of prolonging their 
lifetime. The experimental measurements of the effect of thermal annealing at 550 °C and 600 °C on 
mechanical properties of unirradiated and irradiated austenitic stainless steel 08Kh18N10T showed, that the 
optimal annealing regime is at 600 °C with holding time 4 and 6 hours. After thermal annealing at 600 °C with 
holding time 4 and 6 hours, decrease of hardness from 295 HV 5 to 190 HV 5 was observed.  The next steps 
of the experimental activities will be: 

 Thermal annealing and hardness measurement of irradiated miniature CT testing specimens cut from 
irradiated core baffle (5.2 dpa) and irradiated core former (11.4 dpa); 

 Fracture toughness on miniature CT testing specimen (unirradiated and irradiated state and 
microstructural analysis of irradiated testing specimens before and after thermal annealing regime (core 
barrel, core baffle, core former).   

At the present time there is no comparable method for reactor internals. After the completion of the project it 
will be possible to apply the results on reactor internals. The project will enable an introduction of a new certified 
methodology in the portfolio of the services offered to clients in the Czech Republic and abroad.  
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Abstract  

Recent increase in output of nuclear power plant has been attained by enlargement of most major components 
such as pressure vessels. Such large components have almost reached a size limit from the points of 
manufacturing capacity. In order to solve this problem, it must be beneficial to apply by use of material of 
higher strength, which brings reduction of pressure vessel thickness and weight A508 Grade 4N is a high 
nickel pressure vessel steel with relatively high yield strength and a relatively low transition temperature. A 
study was undertaken to evaluate conventional as well as unconventional material properties of forging made 
of in our institute. This paper describes results of mechanical properties, structure and fracture behavior 
including nil-ductility transition temperature.  

Keywords: A508 Grade 4N, transition behavior, mechanical properties 

1. INTRODUCTION 

A508 Grade 4N is a high nickel (3.4 %) pressure vessel steel with a relatively high yield strength and a relatively 
low transition temperature. Steel has an attractive combination of strength and low temperature fracture 
toughness. The high nickel content and refined microstructure result in a steel with excellent combination of 
strength, toughness and low ductile-to brittle transition temperature. A study was undertaken to evaluate 
conventional as well as unconventional material properties of forging made of in our institute. This paper 
describes results of mechanical properties, structure and fracture behaviour including nil-ductility transition 
temperature. Main motivation for this work was to verify of metallurgy and production technology for 
manufacturing of forging with sufficient metallurgical parameters as well as sufficient level of mechanical 
properties especially from the view of toughness. 

2. MATERIAL, TEST PROCEDURES AND RESULTS 

An ingot V2A with total weight 1600 kg was produced in our institute according to ASTM A 508 [1] with VCD 
process. Chemical composition of ingot can be seen in Table 1. 

Table 1 Basic chemical composition of the steel, wt% 

C Mn Si P S Cu Ni Cr Mo 

0.09 0.27 0.08 0.011 0.008 0.09 3.75 1.68 0.48 

 

V Ti As Sn Sb Al Nb N O 

0.008 0.006 0.005 0.004 0.003 0.010 0.003 0.0029 0.0052 
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After forging in VITKOVICE HEAVY MACHINERY on final dimensions (150 x 250 x 1800 mm) and before final 
heat treatment specimens were cut to construct continuous cooling transformation diagram (CCT). The basis 
of a parameter selection many heat treatment operations is knowledge of the supercooled austenite 
transformation kinetic during the cosines cooling from the austeninitizing temperature. The obtaining of the 
optimum properties of the steel is possible only after the application of suitable heat treatment operations. 
Sample is austenitized and then cooled at a predetermined rate and the degree of transformation in measured 
using special equipment - dilatometer. Obviously, a large number of experiments are required to build up a 
complete CCT diagram. CCT diagram for steel under investigation is given in the Figure 1. 

After final heat treatment containing austenitization at 890 °C following water quenching and tempering at 
650 °C with cooling on air both tensile tests and impact tests have been carried out. Results of basic 
mechanical properties (tensile test at room temperature and impact tests at -29 °C, which is ASME specified 
temperature) are summarized on Table 2. Based on successful test results macro and microstructure analysis, 
inclusion content, following by testing of unconventional properties (FATT, TNDT, RTNDT transition temperatures 
as well as evaluation of fracture behaviour with fracture mechanics tests could be started. Results of 
macrostructure investigation are presented in Figure 2. 

 

Figure 1 CCT diagram of A 508 Gr.4N Cl.3 steel with examples of microstructure 
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Table 2 Mechanical properties of the steel A508 Gr.4N Cl.3 

Steel grade 
Rp0.2 

 [MPa] 

Rm 

 [MPa] 

A  

 [%] 

Z  

[%] 

KV -29°C 

 [J] 

A508 Gr.4N Class3 536 638 23 74 230 

ASME requirements min. 485 620-795 min. 20 min. 48 48 

 

Figure 2 Macrostructure of steel A508 Gr.4N Cl.3 after final heat treatment 

Inclusion content has been determined according to ASTM E 45 [2], which is well known test method covers 
procedure for determining the non-metallic inclusion content of wrought steel. For evaluation was used method 
A (worst fields). Each field was compared to the square fields depicted in Plate I-r a search for the worst field, 
that is, the highest severity rating, of each inclusion type A, B, C, and D for both the Thin and Heavy series. 
The severity level of these worst fields was reported for every specimen examined, here however due to space 
reason only average results are reported in Table 3. 

Table 3 Inclusion content of the A508 Gr.4N Cl.3 grade steel 

Worst field (method A) 

Type A Type B Type C Type D 

Thin Heavy Thin Heavy Thin Heavy Thin Heavy 

1.2 0.6 1.1 0.8 0 0 1.25 0.3 

To obtain more information about transition range of steel under investigation series of Charpy impact tests 
have been carried out to evaluate position of transition range on temperature axis and quantify all most widely 
used transition temperature. Results of Charpy impact tests are plotted in the form of temperature dependence 
of impact energy in the Figure 3. 

Similar dependencies were obtained both for percent of shear fracture and lateral expansion. From these 
dependencies transition temperatures were calculated - see Table 4. Two last columns in Table 4 represent 
nil ductility temperature evaluated according to ASTM E 208 [3] and reference nil ductility temperature RTNDT 
that make connection between results of drop weight tests and Charpy impact test. For details of RTNDT 
evaluation see ASME Code [4]. 
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Figure 3 Temperature dependence of impact energy 

Table 4 Transition temperatures of steel under investigation 

T27 J T41 J T68 J FATT T0.9 mm RTNDT TNDT 

-138 °C -130 °C -121 °C -114 °C -120 °C -115 °C -120 °C 

Recently developed so called Master curve concept based on evaluation of reference temperature T0 was 
used for evaluation of fracture behaviour [5,6]. In this concept modern statistical methods, and an improved 
understanding of elastic-plastic test methods, have been coupled to define a transition curve of static fracture 
toughness versus temperature that is derived using only fracture mechanics-based test data. Main advantage 
is that uncertainty associated with the empirical 
postulates involving non-fracture mechanics data that 
had to be employed in the past for ASME Code has 
been eliminated. ASTM E 1921 [6] presents now the 
experimental and computational procedures that are to 
be used to arrive at a reference temperature, T0. 
Temperature T0 is defined as the temperature at which 
a set of data having six or more valid KJC values 
converted to 25.4 mm size equivalence will have a 
median 100 MPa.m0.5. Master curve is an empirically 
derived universal transition range curve of fixed shape 
for static fracture toughness versus temperature. It is 
known to characterize the transition range of 
commercially made ferritic steels and weld metals. The 
Master curve essentially verifies the ASME postulate, 
differing principally in the reference temperature 
indexing method, using T0 instead of RTNDT and a 
median transition curve shape instead of KIC lower 
bound. Fracture toughness tests were carried out at 
test temperature -140 °C to obtain median of fracture 
toughness about 100 MPa m0.5. Based on 
experimental data Master curve with tolerance bounds 
for fracture probability correspond to 5 and 95 % have 
been plotted in the Figure 4. Figure 4 Master curve of steel A508 Gr.4N Cl.3 

(including tolerance bounds for 5 and 95 % 
fracture probability 
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3. RESULTS AND DISCUSSION 

3.1. Structure and mechanical properties 

Microstructure of the steel under investigation was found to be fully bainitic in whole range of cooling rates - 
see CCT diagram - Figure 1. Only two cooling rates with - v = 4.43 and 4.73 respectively (correspond 0.98 
and 0.5 °C/min) showed a very small amount of ferrite localized mostly in small isles. Total amount of ferrite 
has been found to be below 2 %. Macrostructure analysis shows, that structure is clear without any 
segregation. From the Table 3 can be clearly seen that non-metallic inclusion content characterized by worst 
field method is good and indicates sufficient level of metallurgy during production. These results are in very 
good accordance with reference [7].  

Mechanical properties summarized in Table 2 meet all requirements with sufficient level. During this work 
several tempering temperatures have been chosen to get information about structure and properties including 
toughness in wide interval. Tempering temperature 650 °C was chosen from the point of view maximum 
toughness level. 

3.2. Impact properties and fracture toughness 

Excellent toughness was confirmed by Charpy impact tests, temperature dependencies of all characteristics 
earned from Charpy impact tests declared very low transition temperatures (see Table 4) usually used for 
toughness characterization of pressure vessel steels used in nuclear power engineering. Additionally, nil 
ductility temperature as well as its normalized value RTNDT also confirmed perfect toughness properties. Our 
results are on the same level or better compared with [8]. 

Temperature dependence of fracture toughness has been presented in the form of Master curve - see 
Figure 4. Value of evaluated reference temperature agree very well with results presented in [9] where large 
comparison of available fracture toughness data was carried out from the point of view variability of fracture 
toughness in the transition range. Based on experimental data from more than 800 fracture toughness test 
results a new model describing behavior of A508 Gr.4N has been introduced in [9]. Our experimental results 
completely agree with the findings presented in [9]. 

4. CONCLUSION 

Paper summarized results of structure analysis and mechanical properties including fracture toughness data 
for A508 Grade 4N Class 3 pressure vessel steel. Obtained results show on good metallurgical level during 
manufacturing process. Heat treatment was primarily focused on optimizing toughness properties 
characterized by low transition temperatures based on Charpy as well as on DWT tests. Transition 
temperatures have been found to be between -138 and -114 °C. Fracture toughness was characterized using 
recent concept called Master curve approach based on evaluation of reference temperature T0. Value of 
reference temperature T0 was found to be - 188 °C and also confirmed excellent toughness properties of the 
steel under study. Our results are in a very good agreement with results presented in references [7-9]. 
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Abstract 

Titanium-stabilized austenitic stainless steel 08Ch18N10T is often used in nuclear power facilities due to its 
favourable properties. Many parts of the primary circuit of VVER 440 and VVER 1000-type nuclear power 
plants are manufactured of this steel. This means that the material must possess very good corrosion 
resistance and thermal stability of structure. Yield strength of at least 177 MPa at 350 °C is required. Heat 
treatment of this steel comprises several important stages which affect the resulting mechanical properties. In 
particular, the solution and stabilization annealing after forging or rolling are time and energy consuming. 
Therefore, various ways to optimize these processes are being sought. 

A combination of solution annealing at 1020 °C for 15 and 30 minutes and stabilization annealing at 720 °C 
with dwell of 2.5 hours to 15 hours was tested on 08Ch18N10 steel samples. The aim was to establish the 
effects of stabilization annealing and solution annealing times on mechanical properties. Longer solution 
annealing has a pronounced effect on the reduction of scatter in mechanical properties. All annealing routes 
led to yield strengths at 350 °C higher than 200 MPa and tensile strengths of more than 380 MPa. 

Keywords: 08Ch08N10T, solution annealing, stabilization annealing 

1. INTRODUCTION 

The purpose of the heat treatment of austenitic stainless steels is to obtain desired mechanical and corrosion 
properties and, where relevant, reduce internal stresses. Thanks to their creep resistance and resistance to 
intergranular corrosion, they are often used in applications involving elevated temperatures.  In WWER nuclear 
plants, one prominent representative of this class of steels is the GOST 5632 grade. Its properties comply with 
the former Soviet design code for nuclear facilities PNAE-G. Its structure is stabilized with titanium. Its 
alternative designation is 08Ch18N10T. The properties of this steel strongly depend on titanium carbide and 
carbonitride precipitates which form during stabilization annealing [1]. The purpose of stabilization with titanium 
is to prevent precipitation of Cr23C6 carbides, which deplete the matrix of chromium [2,3]. Furthermore, these 
carbides precipitating on grain boundaries reduce the material resistance to intergranular corrosion. In steels 
of this type, this difficulty is eliminated by stabilization annealing at 845-950 °C [4,5].  

The full heat treatment sequence for this steel consists of solution and stabilization annealing. Solution 
annealing is performed in accordance with specifications in the temperature ranges from 1020 to1100 °C [1,2] 
or from 1100 to 1150 °C for 1 to 5 hours [6-8]. A temperature of 1200 °C is used only exceptionally [8]. The 
subsequent stabilization annealing leads to increased mechanical properties, particularly hot yield strength. It 
is performed at the temperatures from 600 to 850 °C with dwelling times up to tens of hours [1,6]. The task of 
treating the 08Ch18N10T steel for nuclear power applications correctly is rather complex. The previous 
treatment history needs to be known as well because it governs the outcomes of both solution and stabilization 
annealing. 
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The difficulty with heat treating this steel grade is the long times and the amount of energy required. This is 
why alternative optimum combinations are sought, involving solution annealing and stabilization annealing with 
shorter times, particularly in the latter, while achieving compliance with prescribed mechanical properties. In 
this paper, description is given of the effects of the stabilization annealing time on hot yield strength in 
08Ch18N10T steel. Stabilization annealing followed after solution annealing with different annealing times.  

2. MATERIALS AND METHODS 

2.1. Experimental material 

The experiments outlined below were performed on 08CH18N10T steel (Table 1). In addition to inclusion 
content, the microstructure of this steel is monitored for the content, morphology and distribution of titanium 
carbonitrides. The relative levels of carbon and titanium are important as well. There is a specified value of hot 
yield strength for use in WWER reactor facilities: at 350 °C it should be no less than 177 MPa. An equivalent 
grade is AISI 321 according to ASTM/ASME (the designation in EN standards is X6CrNiTi18-10 (1.4541)). 
However, the minimum prescribed hot yield strength for this equivalent grade is less than the requirement for 
WWER facilities. 

Table 1 Chemical composition of 08Ch18N10T steel in the present experiment (wt%) 

C Cr Ni Ti Mn Si P S Cu Mo V 
N 

(ppm) 
W Co 

H 
(ppm) 

0.05 17.75 10.05 0.43 1.8 0.52 0.024 0.014 0.1 0.08 0.11 120 0.03 0.02 2.4 

The steel was supplied as heat-treated bars 90 mm in diameter. The heat treatment route comprised solution 
annealing at 1020 °C for 110 minutes and stabilization annealing at 720 °C for 600 minutes. The bars were 
sectioned by waterjet cutting into samples 45 × 20 × 110 mm in size. These were then experimentally heat-
treated using various parameters.  

2.2. Heat treatment 

The treatment was performed in an air furnace. The solution annealing temperature was 1020 °C. As the 
samples were much smaller than the bars, shorter times at temperature were used: 15 minutes and 30 minutes 
after the temperature in the entire sample became homogeneous. The temperature was measured with a K-
type thermocouple placed in a hole drilled in the sample to a depth of 10 mm. The annealing temperature could 
thus be monitored, as well as the time required for bringing the sample to temperature. After solution annealing, 
the samples were quenched in water. Stabilization annealing at 720 °C involved five different times from 
2.5 hours to 15 hours. The samples then cooled in air. As with solution annealing, the ramp time for reaching 
the annealing temperature was measured using thermocouple.  

2.3. Methods of evaluation 

The microstructures of the as-received material (initial state) and the treated samples were documented using 
an Olympus optical microscope (OM). Detailed examination, including a chemical analysis using EDS, was 
performed in Zeiss EVO MA and Tescan Easy Probe scanning electron microscopes (SEM). Mechanical 
properties were determined by tensile testing at room temperature (RT) according to EN ISO 6892-1 and at 
350 °C in accordance with EN ISO 6892-2. The diameter and gauge length of the test pieces were d = 10 mm 
and l0 = 50 mm, respectively. In each case, two samples were used for tensile testing, one located near the 
surface of the original bar (referred to as “edge”) and one from the central region (“centre”) because austenite 
grain size was expected to vary across the bar’s cross section. From each sample, two tensile test pieces were 
made and specimens for microstructure characterization were taken. Hence, the impact of the treatment as 
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well that of the location within the original bar to be assessed. In addition, hardness was measured and 
reported using HV10 hardness number.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure analysis 

The microstructure of as-received bars of 90 mm diameter was examined on longitudinal and transverse cross 
sections. It contained equiaxed austenite grains with distinct slip bands, twins and intermetallic phases, 
including titanium nitrides, carbides and carbonitrides, and a small amount of delta ferrite (Figure 1). The 
macrostructure was non-uniform on the cross section, consisting of coarser and finer austenite regions, with 
the grain size increasing slightly toward the centre of the bar. This was confirmed by grain size measurement 
using the intercept method according to ASTM A112. In the “edge” sample, the grain size was 44 and 54 μm 
on the longitudinal and transverse cross sections, respectively. In the “centre” sample, it was 63 and 60 μm on 
the longitudinal and transverse cross sections, respectively (Figure 2). Solution annealing for 15 and 
30 minutes caused no appreciable changes in the microstructure (Figure 3). The austenite grain size remained 
substantially unchanged as well (Figure 2).  

 

Figure 1 Microstructure of as-
received bars, “centre”, optical 

micrograph 

 

Figure 2 Grain size of as-received 
material (initial state) and the 
solution-annealed samples 

 

Figure 3 Optical micrograph of 
solution annealed material - 

1020 °C/30 minutes 

     

Figure 4 Micrographs of stabilization-annealed material, 720 °C (after solution annealing 1020 
°C/30 minutes): a) time at temperature: 2.5 hours, b) 15 hours 
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The variations with the location within the bar could be attributed to the non-uniformity of the initial condition 
of the material. Yet, stabilization annealing led to minute structural changes. Precipitates became coarser and 
a dispersion of fine particles emerged within austenite grains (Figure 4). 

3.2. Mechanical testing 

Mechanical tests were performed at room temperature and at 350 °C. The requirement for parts of WWER-
type nuclear facility made of this steel is hot yield strength (at 350 °C) of no less than 177 MPa. Testing was 
performed on “edge” samples located near the surface of the original bar and “centre” samples close to the 
axis of the bar.  

The ultimate strength at room temperature in “edge” samples was 573 MPa. This was higher than in the 
“centre”: 560 MPa. Hot yield strength in “edge” and “centre” samples was 337 MPa and 335 MPa, respectively. 
These values correlate with grain size which was finer near the bar’s surface than in the centre (Figure 5). 
Given the size and non-uniformity of the structure across the cross section, the differences of 13 MPa in 
ultimate strength and 2 MPa in yield strength are negligible and have no practical impact. Testing at 350 °C 
led to an ultimate strength of 410 MPa, yield strength of 276 MPa and elongation of 26 % (Figure 5). After 
solution annealing, the ultimate strength and yield strength were lower. The ultimate strength at room 
temperature was 30 MPa lower after annealing for 15 minutes. Annealing for 15 minutes caused yield strength 
to decrease from 336 MPa to 270 MPa. The 30-minute annealing led to a value of 293 MPa. Elongation rose 
by approximately 5 percentage points. The likely causes of this softening include dissolution of fine 
intermetallic particles and reduction in dislocation density. Similar trends were found by tests at 350 °C. After 
solution annealing, the yield strength decreased to 207 and 230 MPa. In both cases, the criterion of the 
minimum value of 177 MPa was met.  

 

Figure 5 Mechanical properties of as-received material (initial state) and solution-annealed samples tested 
at RT and 350 °C 

Testing at room temperature after stabilization annealing at 720 °C revealed that longer times at temperature 
lead to higher ultimate strength and yield strength. The impact of the preceding step, i.e. solution annealing at 
1020 °C for 15 and 30 minutes, was assessed as well. After 15-minute solution annealing, longer times of 
stabilization annealing at 720 °C led to higher ultimate strengths. Expressed numerically, 540 MPa was 
obtained after 2.5-hour annealing, whereas 560 MPa was found after 15 hours (Figure 6). Yield strength 
showed the same trend. This means that longer times at 720 °C resulted in increased yield strength: from 
295 MPa to 330 MPa. By contrast, elongation decreased slightly with increasing time at temperature: from 
approximately 54 % to 51 %.  

Solution annealing with longer time at temperature, 30 minutes, combined with the subsequent stabilization 
annealing led to ultimate strengths from 541 to 545 MPa. Yield strengths were between 294 and 306 MPa 
(Figure 6). Elongation values were around 53 %, regardless of the length of stabilization annealing. The 
difference between the “edge” and “centre” samples was minute: under 10 MPa.  
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Figure 6 Results of tensile testing at room temperature for stabilization-annealed material and different times 
at temperature 

Tensile testing at 350 °C revealed no substantial impact of the time at stabilization annealing temperature 
(Figure 7). Slight increases were found after combinations with 15-minute solution annealing. With longer 
annealing times, the ultimate strength rose from 390 MPa to 404 MPa and the yield strength from 238 MPa to 
260 MPa. When the preceding solution annealing time was 30 minutes, there was no change in these values 
with stabilization annealing time. In all the cases, the yield strength was higher than the specified minimum of 
177 MPa. Longer solution annealing times clearly led to more consistent properties after stabilization 
annealing. After those routes which involved the longer solution annealing time, there were no dramatic 
variations between specimens. 

 

 

Figure 7 Results of tensile testing at 350 °C for stabilization-annealed material and different times 
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4. CONCLUSION 

Austenitic stainless steel grade 08CH18N10T stabilized with titanium was used to investigate the effect of 
stabilization annealing times at 720 °C on mechanical properties. Stabilization annealing was preceded by 
solution annealing at 1020 °C for 15 minutes or 30 minutes and by water quenching. The dwelling times at the 
temperature of stabilization annealing were from 2.5 to 15 hours. 

The resulting microstructure consisted of equiaxed austenite grains with numerous annealing twins, delta 
ferrite grains and intermediate phase particles (Ti(C,N), TiN). These phases were found within austenite grains 
as well as at their boundaries. The ultimate strength and yield strength at room temperature increased slightly 
with time at the stabilization annealing temperature of 720 °C. Notably higher values were obtained after routes 
with 15-minute solution annealing. The ultimate strength was 540 - 560 MPa at room temperature and 391 - 
404 MPa at 350 °C. The yield strength ranged from 295 MPa to 330 MPa at room temperature and from 
238 MPa to 267 MPa at 350 °C. Elongation A5.65 was 51 % - 54 % at room temperature and 27 % to 34 % at 
350 °C. Results without dramatic variation between specimens were obtained with the longer solution 
annealing time. Longer times at 1020 °C produce more uniform structure and consistent results.  
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Abstract  

This work is focused on the study of influence of additives manufacturing on material properties of AISI 316L 
steel. Comparison of the material properties of the plate produced by the selective laser melting (SLM) 
technology and the hot-rolled plate was performed not only on the results of tensile tests, but also on small 
punch tests, which is an evolving and promising testing method and will be implemented into standardized 
testing methods within EU soon. The determination of the yield point and the tensile strength from the results 
of small punch tests is based on the simple correlation among them. For wrought steels this correlation was 
verified but no such a relation is known for additive steels. Therefore, we tried to use this correlation to additive 
manufactured material and to compare the obtained results with the results of conventional tensile tests. The 
results of mechanical testing are complemented by microstructural investigation of both technologies, including 
fractographic analysis of fracture surfaces.  

Keywords: Metallurgy, additive manufacturing, steel AISI 316L, mechanical properties, Small punch tests   

1. INTRODUCTION 

This article is focused on the effect of additive production on material properties of AISI 316L, comparison with 
wrought steel of the same grade and exploration the possibility of using small punch test for verifying of 
mechanical properties of 3Dprinted steels. The reason is that additive manufacturing is in this century the most 
developing technology and still is not enough information about properties of 3D printed steels. 

Additive manufacturing widely known also as 3D printing is relatively new technology. Additive manufacturing 
is a process of creating a three-dimensional object from a digital file. It was at first applicated for plastic material 
and for producing models and prototypes. History of this process is described for instance in [1]. There exist 
many types of additive manufacturing process. One of them is metal powder bed fusion technology, as 
classified the International Committee ASTM F42 and is included in ISO/ASTM 52900:2015 standard. And a 
part of them is Selective laser melting technology what is used for produce the experimental material. 

Selective laser melting (SLM) technology is a technique designed to use a high power-density laser to melt 
and fuse metallic powders together [2]. This technology can be used for special production in aerospace or 
automotive components especially in the cases when it is difficult to manufacture them by other techniques, it 
means everywhere where it is economical and where the properties are satisfactory. 

As the principal advantage of SLM technology lies in producing small and complex products, when the material 
properties cannot be tested by standardized test specimens it would be convenient to have another possibility 
how to study the mechanical properties either in the as-received state, or even under operating condition. 

One way how to test small size components is using small punch test (SPT) method. SPT testing is a 
progressive testing method of miniature test samples and is very often used for instance in nuclear and coal 
power stations for determining residual lifetime of the key pressurized parts. It is applicated to determining the 
mechanism of failure and damage of the equipment, too [3,4,5]. Our company has already extensive 
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experience with this method. But to the author's knowledge, there is no information about the use of this 
method in practice for additive produced materials. 

Impact and tensile tests of both the full-sized and small punch test specimens were used to study the material 
properties of a steel produced by 3D printing, as well as a to assess the possibility of using and interpretation 
of the SPT results for 3D printed material. There is a lot of information about the influence of purity (especially 
porosity), printing (building up) direction, velocity and laser power on material properties of intentionally 
prepared test specimens but hardly any about properties of the real products. The aim of this work is, therefore, 
to investigate the behaviour of austenitic steel produced by 3D printing and to compare its properties with a 
rolled sheet of the same material as well as to verify whether small punch testing can be used to determine 
material properties of 3D printed steels. 

As is generally known, steel produced by 3D printing contains depending on the technology, more or less 
pores, which have a significant effect on the brittle-fracture properties of steel. The steel produced by SLM 
technology also has a special texture and the microstructure is very similar to welds. [2] Therefore the 
properties of SLM steel were verified in several directions. The results of mechanical testing are complemented 
by microstructural investigation including fractographic analysis of fracture surfaces. 

2. EXPERIMENT  

The experimental material was plate produced by additive manufacturing process - selective laser melting. 
Powder named SS 316L-0407 determined for additive manufacturing from Renishaw company was used for 
producing 3D printed “plate” with dimension of base 15 mm x 280 mm and height 170 mm. The powder is 
designed for 3D printing by SLM technology with 200 MW laser power and for layer thickness 50 µm.  

2.1. Chemical composition 

The chemical composition of powder used for 3D printing is stated in Table 1. The second evaluated material 
was wrought steel plate with thickness 15 mm delivered in solution annealed condition. Comparison of 
chemical composition of powder, 3D printed material and wrought steel is stated in Table 1. 

Table 1 Chemical composition of powder SS 316L-0407, 3D printed steel and plate 

Element /Type 
of product  

Concentration (wt%) 

C Mn Si P S Cu Ni Cr Mo V 0 N 

Powder ≤ 0.03 ≤ 2.00 ≤ 1.00 ≤ 0.045 ≤ 0.030 - 10.00 to 
14.00 

16.00 to 
18.00 

2.00 to 
3.00 - ≤ 0.10 ≤ 0.10 

3D printed 
steel 

0.025 0.490 0.660 0.0160 0.0050 0.110 12.700 16.600 2.360 0.0390 0.0010 <0.0010 

Plate 0.019 1.851 0.265 0.0372 0.0014 0.305 10.001 16.986 2.022 - - 0.0298 

Chemical composition of 3D printed plate completely conforms with the requirements for the steel AISI 316L 
with low trace elements and even gases (O, N). 

2.2. Tensile test and Charpy V-notch test 

Test specimens for tensile tests and Charpy V-notch tests were machined in longitudinal (L) and transverse 
(T) direction in both experimental materials. All test results performed on conventional test specimens are 
shown in Table 2 and Figure 1.  

While the material properties of hot rolled plate are in both directions practically identical, there is a drop in 
either yield stress either tensile strength in transverse direction in 3D printed material. Even more pronounced 
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decrease was detected in plasticity and notch toughness, when elongation of 3D printed material was only 
more than half of the value in longitudinal direction and even a quarter in transverse direction compared to the 
hot rolled plate.  

Table 2 Results of material properties testing  

 
Figure 1 Results of mechanical tests of 3D printed steel AISI 316L 

2.3. Small punch tests 

The method of testing of SPT was described in [6]. Five discs shaped specimens 8 mm in diameter and 0.5 
mm in thickness were prepared from 3D printed material in three directions - longitudinal (C), transverse (B) 
and surface (A), see Figure 2. SPT samples of hot-rolled plate were machined in the axis of longitudinal 
direction because of homogenous properties in each direction as is visible form tensile tests. Table 2. Five 
SPT specimens were prepared and tested in order to obtain the information about the scatter of results. 
(Figure 3) 

  

Figure 2 Testing directions of 3D Figure 3 Chart of SPT of 3D printed steel and hot rolled 
plate of AISI 316L steel 

Material Direction 
Rp0,2 

(MPa) 
Rm 

 (MPa) 
A  

(%) 
Z 

 (%) 
KV 
 (J) 

3D  
L 557.1 676.6 46.5 59.5 66.0 

T 472.8 591.1 21.5 34.5 82 

Plate 
L 258.8 643.9 79.2 80.6 394 

T 257.9 642.9 76.2 81.6 298 
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Figure 4 Relation between yield strength and adequate parameters of SPT tests for 3D printed steel AISI 
316L and other austenitic steels   

2.4. Analysis of microstructure 

Microstructure was studied in three direction (the same as in the case of SPT). Figure 5 shows the austenitic 
banded microstructure looking in the transverse direction like beads with pores and balls of unmelted powder.  

   

Figure 5 Microstructure of 3D printed AISI 316L steel in three direction: left from the surface, in the middle 
longitudinal direction, right transverse direction 

Fractographic investigation was performed on the fracture surface of the 3D printed Charpy test specimens. 
Fracture surface was predominantly formed by transgranular ductile fracture with a hole morphology. (Figure 6 
and Figure 7) 

            

Figure 6 Fractography of 3D printed AISI 316L - transverse direction 
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Figure 7 Fractography of 3D printed AISI 316L - L direction 

3. RESULTS AND DISCUSSION 

The results of mechanical tests including SPT show that 3D printed material has higher yield stress and well 
comparable tensile strength to hot rolled plate of the same steel, but significantly lower plasticity and fracture 
toughness. The area under the curves for SPT curve (Figure 3) representing fracture energy is less for 3D 
printed steel as for rolled plate. The decrease of fracture energy of SPT (ESP) of 3D material versus plate is 
about 22 %. SPT curves also show a large scatter of results, especially for samples taken perpendicularly to 
the print base. On the other hand, the smallest scatter was found in samples taken parallel to the plate surface, 
i.e. just the same orientation like material sampled in-situ from the real surface of an in-service component. 
The reason for such a behaviour is probably in printing technology as can be seen in microstructure and on 
the fracture surface. (Figures 5-7) There were observed numerous shrinkage holes, pores and unmelted metal 
balls in 3D printed material. SLM technology with 200 W power laser does not seem to be powerful enough 
for such demanded conditions. Laser with higher power should be more suitable in order to completely melt 
all particles of metal powder and/or application of Hot Isostatic Pressing or other advanced technology.  

The results obtained in our research were added to the graph of the dependence of yield stress and tensile 
strength on the corresponding parameters of SPT tests (Figure 4). Although it seems that in the case of the 
yield stress dependence, the results of 3D printed material could complement the existing linear dependence 
valid for various austenitic steels, (Figure 4 - left), in the case of the correlation of the tensile strength it turned 
out that this is not possible, the results obtained for 3D printed material lies significantly below the existing 
dependencies (Figure 4 - right). The obtained results thus showed that the correlation curves routinely applied 
in small punch testing of wrought austenitic steels for determining yield stress and tensile strength cannot be 
used for 3D printed material.  

4. CONCLUSION 

This work was focused on the study of the influence of the production of additive manufacturing on material 
properties of AISI 316L steel. We compared the material properties of the plate produced by the selective laser 
melting technology and the hot-rolled plate by tensile tests, impact tests and small punch tests. We tried to 
determine the yield strength and tensile strength from the results of small punch tests. Due to the large variance 
of values which is related to the results of the metallographic investigation and very high divergence of tensile 
strength of 3D printed steel to other conventual austenitic steels, it is not possible to use the current correlation 
and it is appropriate to obtain more results, e.g. from different technological conditions of 3D printing including 
HIP processing. 
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Abstract 

The problem of selecting a material with an extreme value of its performance using its anisotropy is considered. 
It is important for specialists of metallurgical profile to be able not only to select the material for realization of 
the set engineering task, but also to use its anisotropy, and to be able to determine the orientation of the 
material with the extreme value of its performance. Mathematical modeling and computer analysis of 
anisotropy of tensor coefficients using the example of thermal expansion coefficient have been performed. 
Since thermal expansion, like any tensor physical property of crystals, is a continuous function of direction, 
then in order to determine the directions with a zero value of thermal expansion, the following ratio must be 
satisfied: αn = 0. This can only happen if the main components of the thermal expansion tensor have different 
symbols. The Mathcad Prime 6 software complex has defined a function that performs the calculation of the 
value of thermal expansion coefficients in crystals in any direction, calculated the value and position of 
extremums of thermal expansion coefficients, and constructed an index surface, a stereographic projection of 
the index surface and the cross section of the index surface of thermal expansion coefficients X1X3. The lowest 
and highest values of the thermal expansion coefficient of the crystal have been found. 

Keywords: Anisotropy, tensor, vector, texture, index projection, stereographic projection, orientation 

1. INTRODUCTION 

In the study of the theory of plastic flow of solids, one of the main goals is to master ability to perform 
mathematical modeling and computer analysis of anisotropy of tensor coefficients [1-3], which define the work 
of mono- and polycrystalline materials in different conditions and modes; and to determine the choice of 
materials with optimal characteristics for specific scientific and engineering solutions. For specialists of 
metallurgical profile it is important to be able not only to select the material for the realization of the set 
engineering task, but also to use the anisotropy to determine the orientation of the material with the extreme 
value of its performance. 

In this regard, the solution of extreme problems, implemented both analytically and numerically by using 
modern computer programs, the Mathcad Prime 6 software package in particular, appears to be an urgent 
task. This allows to comprehensively study the behavior of the material in the process of its development and 
processing; analyze the geometry; perform engineering calculations; obtain photorealistic images; check 
models without testing experimental samples and save the researcher's time [2]. 

If the properties of sample cut from a material do not depend on its orientation, the material is called isotropic. 
Otherwise, the material is called anisotropic. Depending on what criterion is taken when identifying the 
properties of the specimens, it could mean mechanical, optical, thermal and other types of anisotropy. Crystals, 
for example, are always anisotropic, which is determined by their internal structure, since the atoms in the 
crystal cell are arranged in a very specific way. Knowing the structure of the crystal cell, we can draw some 
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conclusions about the nature of the anisotropy, for example, indicate symmetry planes. Samples cut from the 
crystal symmetrically with respect to such a plane will reveal identical properties. Technical alloys consist of 
crystalline grains, the orientation of which is random and arbitrary. Therefore, in a body consisting of a large 
number of such grains, it is impossible to indicate any preferred direction that differs from others. Polycrystalline 
metal behaves, on average, as an isotropic body. In this case, it is assumed that the sample sizes are large 
enough and it contains quite a few crystalline grains. Small samples consisting of a small number of grains will 
exhibit different properties, but this difference is completely random, as it depends not on the orientation of 
sample, but on the random orientations of its constituent grains [4]. 

In rolled metal, the grains are deformed in the direction of rolling, and so-called texture is formed. Therefore, 
the properties of the samples cut in the rolling direction and in the transverse direction will be different. The 
same anisotropy occurs in virtually all types of metal processing by pressure. However, the anisotropy of the 
elastic properties associated with the presence of texture is small; the difference in the modulus of elasticity of 
the rods, the axes which are oriented in the rolling direction and in the transverse direction, may be neglected. 
However, the plastic properties for these directions, the elastic limit or the yield stress are already noticeably 
different. Proper thermal treatment of the deformed metal removes the anisotropy or at least reduces it [5,6]. 

The anisotropy coefficient KL is taken into account if the first main stress in bending or stretching - the 
compression is directed perpendicularly to the rolling direction of the metal (Table 1). Anisotropy is not taken 
into account during torsion (KL = 1). 

Table 1 Anisotropy coefficient values [7] 

Breaking point σВ, MPa КL 

Until 600 0.90 

From 600 to 900 0.86 

From 900 to 1200 0.83 

Above 1200 0.80 

The anisotropy coefficient is taken into account when calculating the material endurance limit [5]. 

During the process of cold plastic deformation, mechanical energy is converted into thermal energy. It is noted 
that the steel strip in the center of deformation during rolling cannot be regarded as an isotropic material: the 
breaking point and mechanical properties of the metal along the length of the arc of contact vary [7]. 

The aim of this work is the development of an algorithm and program for calculating the tensor physical 
properties of a material, particularly the coefficient of thermal expansion in the Mathcad Prime 6 software 
complex; optimization of materials through understanding of the dependence of properties on the structure 

2. RESEARCH METHODOLOGY 

As an example, let us consider the problem of determining the thermal stability of a class 2 crystal under 
thermal expansion conditions [6]. 

Since the thermal expansion, like any tensor physical property of crystals, is a continuous directional function, 
then to determine the required directions with zero thermal expansion, the following relation must be satisfied 

0n . This can only happen if the main components of the thermal expansion tensor have different signs. 

The thermal expansion of crystals is described by a symmetric second-rank tensor  ij . The magnitude of 

thermal expansion in an arbitrary direction n (n1, n2, n3) in the crystal is defined as   jiij nnn   , or in matrix 

form (eqn 1):  
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The value  n  reaches the extreme values in the directions of the eigenvectors of the tensor  ij , and these 

extreme values are equal to the corresponding eigenvalues of the tensor  ij . If all eigenvalues of the tensor 

 ij  are positive (negative), then all  n  are positive (negative). If there are both positive and negative values 

among the eigenvalues of the tensor  ij , then  n  takes both positive and negative values; at the same 

time on some cone of directions   0n . 

For class 2 crystals in the crystal-physical coordinate system in the standard setting (X2║2), the tensor  ij  

has the following form (eqn. 2): 
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We solve the problem in the Mathcad Prime 6 software complex [8]. We introduce the tensor of coefficients of 
thermal expansion of crystals - input of coefficients of thermal expansion of crystals (eqn. 3). 

                                                                           (3) 

To calculate the eigenvalues and eigenvectors of the tensor  ij , we use the built-in eigenvalues and 

eigenvector functions - calculation of value and position of coefficient extrema of thermal expansion of crystals 
(eqn. 4). 

                                                                                    (4) 
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To visualize the anisotropy of the coefficient of thermal expansion of crystals, we construct a function that, 
according to expression (1), conducts the calculation of the value of the coefficient of thermal expansion of 
crystals (in 10-6 K-1) in an arbitrary direction n (eqn. 5). 

                                                                                                         (5) 

3. RESULTS OF THE STUDY 

In eqn. 6 the program for calculating the coefficient of thermal expansion in the software complex Mathcad 
Prime 6 is presented. The construction of the index surface of the coefficient of thermal expansion of crystals, 
its stereographic projection, as well as the cross section of the index surface with the plane X1X3 are presented 
respectively in Figures 1 - 3.  

 

Figure 1 Index surface of coefficients of thermal expansion of crystals 

 

Figure 2 Stereographic projection of the index surface of the coefficients of thermal expansion of crystals  
(in 10-6 K-1) 
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Figure 3 Cross section of the index surface of the coefficients of thermal expansion of crystals by the plane 
X1X3 

Points X1 and X2 in Figure 1 are the outputs of the corresponding crystal-physical axes; the crystal-physical 
X3 axis is directed upwards from the centre of the stereographic projection (see eqn. 6). 

                                  (6) 

Thus, based on the calculation results, it follows: 

a) the smallest value of the coefficient of thermal expansion, equal to 6.4·10-6 K-1, is observed in the 
direction lying at the plane X1X3 and making an angle of 25.1° with the X2 axis; 

b) the highest value of the coefficient of thermal expansion, equal to 44.8·10-6 K-1, corresponds to the 
direction of the axis X2 (Y - section); 

c) as it may be seen from the obtained values of the main coefficients of thermal expansion of the crystals, 
all of them are positive; therefore, there are no directions with zero value of thermal expansion coefficient 
in these crystals. 
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As from eqn 4 follows, tensor  ij  in the system of its main axes 321 XXX  has three different eigenvalues; 

the symmetry of the index surface of the coefficient of thermal expansion of the crystal - mmm, which is 
consistent with the Neumann principle [1]. 

4. CONCLUSION 

An algorithm and a program for calculating the tensor physical properties of the material, particularly the 
coefficient of thermal expansion in the software complex Mathcad Prime 6, have been developed. The 
construction of the index surface of the coefficient of thermal expansion of crystals, its stereographic projection, 
as well as the cross section of the index surface by the plane X1X3 have been conducted. The smallest value 
of the coefficient of thermal expansion equal to 6.4·10-6 K-1 has been found, which is observed in the direction 
lying in the plane X1X3 and constituting an angle of 25.1o with the X2 axis; and the highest value of the coefficient 
of thermal expansion, equal to 44.8·10-6 K-1, corresponding to the direction of the axis X2 (Y - section). 
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Abstract 

Structural designs of the dynamically loaded welded structures are currently based primarily on the values of 
the parent base material fatigue life. Although it tries to capture the influence of the given process by using the 
safety constants of the notch effect both of the weld and the thermal influence, it is only a theoretical estimation. 
Due to that, it very often results in large oversizing and, in worse cases, in under-sizing of the engineering 
design. As a result, there is either an overly robust and heavy construction, which is unacceptable (especially 
when applied in the automotive industry) or on the contrary, there is failure of parts due to cracks earlier than 
their planned service life is reached. The paper shows the effect of MAG welding method on the fatigue life of 
fillet and butt welds made of the fine-grained structural steel S460MC. The comparison of such influence is 
performed via using experimentally determined Wöhler curves of the parent material and both types of welded 
joints. 

Keywords: Welding, Fatigue Life, Fine-grained Steels, S-N Curves, S460MC Steel 

1. INTRODUCTION 

In recent years, the number of metal structures that are during their service life exposed to cyclic loads due to 
the nature of their operation or external conditions has been growing. Such constructions occur in most 
branches of human activity, but increased attention is paid to them especially in the automotive industry. [1] 
However, the design proposals and numerical calculations of dynamically loaded parts are usually based on 
the values of parent material fatigue life, reduced by safety constants including the shape complexity and size 
of the part, even. the notch effect. However, it is still only a theoretical estimation, because the fatigue curves 
(Wöhler curves) of welded joints for specific materials are usually not available. Very often, it leads to a 
significant oversizing and, in worse cases, to an under-sizing of the engineering design. The result is either an 
overly robust and heavy construction, which is unacceptable (especially when applied in the automotive 
industry) or on the contrary, the parts crack even before their planned service life is reached [1,2]. That is why 
the fatigue curves of real welded joints make possible to significantly specify design proposals as well as the 
numerical shape and strength optimization. Thanks to this, it is possible to specify not only the existing safety 
constants used in the computation, but also to include in the design the influence of material changes caused 
by the thermal cycle, weld geometry and resulting deformation. 

Already from the initial effect of cyclic loading, irreversible material changes occur at the microscopic level in 
the loaded part, which are termed as fatigue of material. These changes are caused by the stress, which will 
not cause any problems right under static loading. Usually, such stress is lower than the yield strength of used 
material. Repeated variable loads lead to the accumulation of local damage, causing the formation of surface 
and subsurface cracks, their propagation and (as a result) the fatigue fracture. In the theory of fatigue fractures, 
the material is not considered to be a homogeneous medium and therefore does not follow the laws of 
continuum mechanics [3]. 
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2. EXPERIMENT OBJECTIVES AND USED MATERIALS 

The goal of the experimental part was to find out how intensely the welding process can affect the fatigue 
properties of a joint made of fine-grained, structural, thermos-mechanically processed steel S460MC. It is a 
steel that is currently very often used both for statically and dynamically loaded structures. As examples there 
are truss structures of bridges, cranes, axle parts of cars and trucks, etc. It is a ferritic-pearlitic (Figure 1) steel 
having good weldability, low content of carbon, as well as elements such as S and P. Chemical composition 
of the material determined by the Q4 TASMAN spectrometer is shown in Table 1. The determined chemical 
composition is in accordance with the standard ČSN EN 10149-2 indicating the chemical composition of 
structural thermos-mechanically processed steels [4]. 

 

Figure 1 Structure of the basic material S460MC 

Table 1 Chemical composition of material S460MC 

Chemical 
elements 

C Mn Si P S Nb W Ni V Cr Ti 

Composition 
[wt%] 

0.07 1.32 0.01 0.03 0.01 0.05 0.04 0.04 0.08 0.01 0.01 

Subsequently, the mean grain size of 7.3 µm was determined by the EBSD analysis. This is the average value 
obtained from three measurements of areas 0.6 x 0.6 mm [4]. To assess the mechanical properties under 
static and dynamic loading, a static tensile test was performed at first and then was determined the Wöhler 
curve of the base material. Table 2 shows the mechanical properties determined from the static tensile test 
and taken as the average of five measurements. 

Table 2 Mechanical properties of material S460MC (measured from static tensile test) 

 Upper Yield Strength 

ReH [MPa] 

Ultimate Strength 

Rm [MPa] 

Uniform Ductility  

Ag [%] 

Total Ductility 

A30 [%] 

ČSN EN 10149-2 min. 460 520 - 670 - min. 17 

Measured values 544 629 13.15 29.03 
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All cyclic tests of the parent material were performed in the controlled force mode on the servo-hydraulic tester 
INOVA FU-O-1600-V2 with a maximum achievable force load of 100 kN. For the experiments samples of 
circular cross-section in accordance with the standard ČSN EN 3987 were used (see Figure 2). The samples 
were tested under selected stress levels by fully reversed cyclic loading with stress ratio R = -1 and frequency 
40 Hz. The stress amplitude was kept constant for each stress level. As a criterion to terminate test was taken 
fracture failure of the sample, or exceeding the limit of 107 cycles. A total of 21 samples were tested  
(Figure 2) at stress levels as following 450; 400; 375; 350; 343; 337.5; 325 and 312.5 MPa. Based on the 
achieved results was determined the fatigue strength of the parent material as σc = 340 MPa. 

 

Figure 2 Testing samples for the high-cycle fatigue test 

3. WELDING OF TESTING SAMPLES 

Firstly, the double-sided fillet weld was made. It was done from semi-finished products as 250 x 190 x 10 mm 
for the flange and 250 x 110 x 10 mm for the web. The web was milled in the area of contact with the flange 
so that the contact between web and flange was uniform along the entire length. There was used MAG welding 
method, with the torch mounted in a linear automat and the sample placed in the jig in the PA position, whereas 
the angle between torch and flange was 30°. The additional material OK Autrod 12.51 with a diameter of 1.2 
mm and shielding gas M21 according to ISO 14175 with a flow rate of 15 l∙min-1 was used. Welding parameters 
were monitored by the WeldMonitor system. The measured welding current was 325 A, voltage 29.8 V and 
travel speed 0.502 m∙min-1. After welding were measured deformation of flange and web along the entire length 
of weld. Angular deformation after first pass was 1.82 mm in the case of flange and 2.21 mm for web. After the 
second pass, angular deformation of the web decreased by 0.53 mm and the angular deformation of the flange 
increased to 4.35 mm [6]. 

The butt weld was made as a three-layer V-weld from semi-finished products and having dimensions as 
following: 250 x 80 x 10 mm. It was welded in the PA position with excess weld metal height 1.5 mm, included 
angle 60° and root gap 1.1 mm. The first pass was welded at current 215 A, voltage 20.2 V and travel speed 
0.501 m∙min-1, the second pass was welded at current 266 A, voltage 25.3 V and travel speed 0.503 m∙min-1 
and finally the third pass was welded at current 293 A, voltage 27.9 V and travel speed as 0.501 m∙min-1. 
Angular deformation was measured just after welding of all passes and was 5.92 mm. The following  
Figures 3a and 3b show scratch patterns of fillet (3 on the left) and butt (3 on the right) welds - including basic 
dimensional analysis [7]. 
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Figure 3 Metallographic scratch patterns of fillet (left) and butt (right) weld with the basic dimensional 
analysis 

Both filet and butt welds were totally made as three pieces so that a sufficient number of samples was available 
for the subsequent fatigue life tests. The welds were cut by a band saw having 20 mm width, while the initial 
and final 40 mm of weld was not used. As a reason there was effort to use only samples from the region of a 
stable temperature field, where constant geometry and weld properties can be expected. After cutting, flanks 
of the weld were milled and subsequently re-grinded so that any notching effect after cutting the material was 
completely eliminated. 

4. FATIGUE TESTS OF WELDED JOINTS 

As in the case of parent material fatigue tests, the servo-hydraulic tester INOVA FU-O-1600-V2 was used and 
again in the mode of controlled force at fully reversed cyclic loading with stress ratio R = -1. Due to the different 
shape of the sample, the higher cross-section values and thus also the loading forces, a lower frequency of 
20 Hz had to be used. The specimens were loaded as it is shown in schematic Figure 4. However, due to 
deformation after welding, in this case it was a combined tensile-compressive-bending stress. 

 

Figure 4 Stress of samples at cyclic loading 

For fillet welds, a total of 15 specimens were loaded at stress amplitude σA in the following levels: 300; 240; 
170; 152.5; 135; 117.5; 100; 90; 85; 75 and 65 MPa. For butt welds, again a total of 15 samples were loaded 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

450 

at stress amplitude σA in the following levels: 300; 287.5; 275; 262.5; 250; 237.5; 225; 212.5; 200; 188 and 
175 MPa. Determined Wöhler curves for the parent material and both types of welded joints are shown in 
Figure 5. The fatigue strength σc = 188 MPa was determined for butt welds and fatigue strength σc = 65 MPa 
was determined for fillet welds. 

 

Figure 5 Wöhler curves for the parent material and both types of welded joints 

5. DISCUSSION AND CONCLUSION 

From the courses of Wöhler curves for parent and both types of welds is evident that several factors have an 
effect on the change of material fatigue life. One of them is the heat introduced into the parent material and 
causing structural changes in the heat affected zone (HAZ). Another consequence of the introduced heat and 
non-stationary temperature fields is creation of stresses resulting in deformation of material. In the case of low-
carbon steels, the structural changes in HAZ are very small and hardly affect the mechanical properties of the 
material, as demonstrated by HV10 hardness measurements. The difference in hardness values between the 
parent material, weld and HAZ was lower than 17 HV for both types of welds. 

On the other hand, deformation of the material after welding already has a certain effect, because it adds 
bending stress to the uniaxial tensile/compressive stress, by which were tested all samples. Due to that, it 
reduces the fatigue life of tested material. Although the angular deformations were greater in butt welds than 
in fillet welds, a higher fatigue strength σc was achieved in the case of butt welds. Based on the additional 
experiments with welded specimens, where the angular deformations were removed by milling, the effect of 
bending stress caused by weld angular deformation was quantified in the range of 12 - 18 %. 

Another, and in the case of welds very crucial factor that affects the magnitude of material lifetime is the notch 
effect of the weld. This effect is especially evident in fillet welds, where (due to the design principle) the notch 
is much larger than in butt welds. For all tested welds (both butt and fillet), the fatigue fracture was initialized 
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and propagated right in the area of the largest notch, i.e. at the location of the highest stress concentration, 
and the fracture subsequently propagated perpendicular to the loading direction of sample. 

The highest value of the fatigue strength has the parent material, where was experimentally determined the 
fatigue strength of σc = 340 MPa. It is generally stated that the fatigue strength of the parent material 
corresponds approx. to 40 % of its ultimate strength. In the case of fine-grained S460MC steel, the fatigue 
strength corresponds to approx. 54 % of the ultimate strength for this material. In both types of welds, it has 
been shown that the notch effect has the greatest influence regarding the fatigue life of tested material. For 
this reason, the fatigue strength of samples welded by butt welds was almost three times higher than that of 
samples welded by fillet welds. Even so, the fatigue strength of butt welds decreased by 45 % compared to 
the parent material and even by 80 % in the case of fillet welds. 
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Abstract 

The aim of the work was to obtain information about the effect of hydrogen in pre-deformed samples made of 
TRIP 780 steel and during deformation, when retained austenite transforms into martensite. Electrolytic 
hydrogenation took place both under the simultaneous action of deformation and before the tensile test itself. 
After hydrogenation, TRIP steel showed an increase in the yield strength and a decrease in the tensile strength. 
Elongation at fracture also decreased significantly by more than 20 % compared to samples that were only 
pre-deformed. The occurrence of deformation-induced martensite in the microstructure of TRIP steels 
significantly contribute to the susceptibility of these steels to hydrogen embrittlement. For samples with 5% pre-
deformation, the value of the hydrogen embrittlement index was found to be 78.1 %, for samples with 10% pre-
deformation it further increased to 86.2 %. From these results, hydrogen led to a degradation of mechanical 
properties with increasing percentage of deformation and at the same time the obtained results demonstrate 
a significant susceptibility of TRIP steels to hydrogen embrittlement. The article also contains results of 
a fractographic analysis, which also showed the occurrence of typical signs of hydrogen embrittlement, which 
are a quasi-cleavage fracture and fisheyes. 

Keywords: Hydrogen embrittlement, TRIP steel, deformation, fractography 

1. INTRODUCTION 

TRIP (TRansformation Induced Plasticity) steels, i.e. steels with transformation-induced plasticity, belong 
among the multiphase steels. These are modern high-strength steels of the AHSS (Advanced High Strength 
Steels) type. TRIP steels are among the materials that are widely used in the automotive industry, especially 
for their mechanical properties, which require high strength values in the range of 500 -1000 MPa, high ductility 
of 20-40 % and the ability to absorb large amounts of dynamic energy under high strain rates so that 
increasingly stringent body safety requirements are met. Other criteria that these steels must meet due to their 
use in the automotive industry on body parts are their good weldability and formability, as well as their suitability 
for galvanizing [1,2]. 

Hydrogen embrittlement is a very serious problem causing the degradation of structural components, 
especially in steels with a predominant body centered cubic lattice. All components made of steel that are 
chemically or electrochemically surface treated can absorb hydrogen that is evolved during these processes. 
Absorbed hydrogen can cause premature failure, especially for components made of high strength steels. The 
heat treatment of the components that should follow the surface treatment minimizes the risk of damage, but 
this process can never be considered as 100% efficient. Hydrogen embrittled components usually fail when a 
load is applied below the level of normal fracture stress, and most hydrogen embrittlement failures occur 
relatively shortly after assembly within a few minutes to weeks [3,4]. 

The study of hydrogen embrittlement in TRIP steels is specific due to the presence of several phases in the 
microstructure of steel, which differ in their crystallographic arrangement, and thus in different diffusion 
characteristics and solubility of hydrogen in austenite and ferrite, ferritic bainite and martensite. In addition, 
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during the deformation-induced phase transformation of retained austenite to martensite these parameters 
change [1-3]. 

One of the main goals of this work is to study the susceptibility of TRIP steels to hydrogen embrittlement. The 
susceptibility to hydrogen embrittlement of TRIP steels will be evaluated mainly by means of tensile tests at 
a slow rate of deformation, the so-called Slow Strain Rate Test (SSRT), on pre-hydrogenated samples or 
samples electrolytically hydrogenated during the tensile test. The changes in mechanical properties caused 
by hydrogen embrittlement will then be expressed by the hydrogen embrittlement index expressing the relative 
change in the elongation at fracture due to the impact of hydrogen. In addition to the decrease in the elongation 
at fracture and in some cases the strength properties, the study will also focus on the identification of fracture 
initiation sites and the characterization of changes in the micromechanism of failure. 

2. EXPERIMENTAL PART 

2.1. Material description 

TRIP 780 C-Mn-Si steel was used for this experiment. This material was supplied after one-stage hot rolling 
and after two-stage cold rolling. The strength and plastic characteristics of this steel are as follows: the tensile 
strength is about 780 - 900 MPa, the yield strength is about 450 - 550 MPa and the elongation at fracture of 
this steel is greater than 23 %. This steel is mainly used in the automotive industry, due to its excellent 
properties and excellent energy absorption capacity. It is used to produce bumpers, safety reinforcements and 
the like. The chemical composition of the studied TRIP 780 steel is given in Table 1. 

Table 1 Chemical composition of the TRIP 780 steel (wt%) determined by the GDOES method 

C Mn Si P S Cr Ni Mo 

0.20 1.57 1.65 0.015 <0.001 <0.001 <0.001 <0.001 

Cu Ti Co B Pb V W Al 

0.007 0.002 0.003 <0.001 <0.001 0.001 <0.001 0.058 

  

Figure 1 The microstructure of steel TRIP 780 as delivered, longitudinal direction, etched in Nital, 
a) LM, b) SEM-SE 

Metallographic sections of the samples were evaluated after polishing and etching in 2 % Nital. Metallographic 
analysis was performed using an Olympus IX70 light metallographic microscope (LM) and using a JEOL 
6490LV scanning electron microscope (SEM) in mode of secondary electron (SE). The microstructure consists 
of ferrite (α), bainite (αB) and retained austenite (RA), resp. M/A constituent (Figure 1). The photo 
documentation of microstructure by SEM makes possible to observe the microstructure at higher magnification 
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and higher resolution compared to LM, but even SEM does not make it possible to obtain complete information 
on the occurrence of martensite or retained austenite in structural components referred to as the M/A 
constituent. The material showed high metallurgical purity. In the microstructure, there were complex inclusions 
based on alumina and calcium sulphide, inclusions based on aluminium arranged in the rolling direction and 
sharp-edged inclusions of titanium nitride. The size of individual inclusions was around 5 µm, the size of 
inclusions in rows reached up to 35 µm. The proportion of retained austenite (RA) in TRIP steel was determined 
by X-ray diffraction analysis. The proportion of retained austenite was found to be 14.3 vol. %. 

2.2. Mechanical properties 

The samples were cut from 1.17 mm thick metal sheet in the longitudinal direction by electro spark cutting and 
surface was ground on a magnetic grinder. A sample without deformation or the influence of hydrogen was 
used as the initial state. The original parameters of the samples were: width b = 10 mm, thickness a = 1.17 mm 
and area S0 = 11.7 mm2. The initial measured lengths L0 of the original samples were 50 mm. 

Subsequently, a part of the samples was pre-deformed by 5 % of the total deformation, i.e. extended by 
2.75 mm, and a part of the samples was pre-deformed by 10 % of the total deformation, i.e. extended by 
5.5 mm, for induction a partial transformation of retained austenite to martensite. The initial measured lengths 
L0 of the pre-deformed samples were 55 mm. The pre-deformation was performed at a loading rate of 
2 mmmin-1, but the fracture test itself took place at a loading rate of 0.1 mmmin-1, which corresponds to 
a deformation rate of 10-5 s-1. Tensile diagrams of these samples are plotted in Figure 2. Mechanical properties 
of samples without hydrogen as yield strength (YS), tensile strength (TS) and the elongation at fracture (A) are 
given in Table 2. It is clear from the data that the yield strength significantly increases with deformation; by 
34 % after 5 % of deformations and 60 % after 10% of deformations compared to the initial state (IS). The 
tensile strength increases slightly by 2 % after 5 % of deformations and 6 % after 10 % of deformations. On 
the contrary, the elongation decreases, by 14 % after 5 % of deformations and 32 % after 10 % of deformations. 

In the case of TRIP steels retained austenite transforms to martensite during deformation. It was necessary to 
find out how this transformation will affect the mechanical properties of TRIP steel during hydrogenation. 
A loading rate of 0.1 mmmin-1 is important to ensure sufficient time for hydrogen to be transferred to the 
hydrogen traps. A special cell was used for tensile testing of samples during simultaneous hydrogenation and 
deformation. A platinum-plated tungsten mesh was placed around the tensile sample, which served as an 
anode and was connected to a voltage source. A sample was attached as a cathode. The electrolyte was 
poured after closing the cell. This electrolyte was prepared as a 0.05M solution of sulfuric acid (H2SO4) with 
1 g of potassium thiocyanate (KSCN) in one liter of distilled water. The prepared samples were mounted in the 
tensile test machine and hydrogenation started. The electrolytic hydrogenation took place at a current density 
of 1 mAcm-2, a total current of 11 mA and a voltage of 28.9 V. The resulting mechanical properties were very 
low and the tensile diagrams differed significantly from previous tests, which were performed on undeformed 
samples in the work [18]. Subsequently, further tests were performed for both 5% and 10 % pre-deformation 
on samples pre-charged by hydrogen. In these tests, the samples were first pre-hydrogenated for 4 hours in 
the same solution and the same current density as in the simultaneous hydrogenation and then loaded at 
a loading rate of 0.1 mmmin-1. Figure 3 shows the tensile diagrams of a sample that was pre-deformed (5 %) 
and simultaneously hydrogenated, and a sample that was pre-deformed (5 %), subsequently pre-
hydrogenated and then loaded to fracture. After evaluating the mechanical properties, the hydrogen 
embrittlement index IE in % was calculated by equation 1. 

 (1) 

The hydrogen embrittlement index refers to the change in elongation at fracture between non-hydrogenated 
A0 and hydrogenated test specimens AH relative to the elongation at fracture of the initial state without hydrogen 
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A0. The values of mechanical properties and hydrogen embrittlement index values for samples after 5 % and 
10 % pre-deformations are plotted in Table 2. 

It can be deduced from the tensile diagrams (Figure 3) that during the simultaneous hydrogenation and 
deformation it was not possible to determine the yield strength YS. Comparing the samples after 5 % pre-
deformation without hydrogen and after pre-hydrogenation show that the YS increased by 41.2 MPa, the 
tensile strength TS decreased by 104.9 MPa and the elongation at fracture At decreased significantly by 
23.2 %. The hydrogen embrittlement index was equal to 76.2 % for simultaneous hydrogenation and to 78.1 % 
for pre-hydrogenation. Similar to 5 % pre-deformation, the analysis was also performed for 10 % pre-
deformation, namely: the yield strength decreased by 28.8 MPa, the tensile strength decreased by 68.0 MPa 
and the elongation at fracture At decreased by 22.2 %. The hydrogen embrittlement index was equal to 86.2 % 
for pre-hydrogenation. The values of mechanical properties found during their simultaneous hydrogenation are 
for information only. 

  
Figure 2 Tensile diagrams of samples in initial state 

(IS), in initial state after 5 % pre-deformation 
(IS 5 %), in initial state after 10 % pre-deformations 

(IS 10 %) without hydrogen 

Figure 3 Tensile diagrams of samples after 
simultaneous hydrogenation and after pre-

hydrogenation and deformation 

Table 2 Mechanical properties of samples in initial state and after pre-deformation and hydrogenation 

Sample/state 
YS 

(MPa) 
TS 

(MPa) 
At 
(%) 

IE 
(%) 

initial state (IS) 504 868 34.5 - 

IS after 5 % pre-deformation (IS 5 %) 674 884 29.7 - 

IS 5% simultaneous hydrogenation - 538 7.1 76.2 

IS 5 % after pre-hydrogenation 716 780 6.5 78.1 

IS after 10 % pre-deformation (IS 10 %) 806 918 24.2 - 

IS 10 % simultaneous hydrogenation  - 538 7.9 67.4 

IS 10 % after pre-hydrogenation 834 850 3.4 86.2 

Note: Elongation at fracture At is the ratio of the total elongation of the sample at fracture of the sample and the length L0 
expressed in %.  

According to [5], for samples that were not pre-deformed and were co-hydrogenated and loaded at a current 
density of 1 mAcm-2 in the same type of solution, the value of the hydrogen embrittlement index was 90.0 %. 
Hydrogen embrittlement index values were expected to be higher. In the case, when 5 % pre-deformation was 
performed on the samples and the samples were pre-hydrogenated, the hydrogen embrittlement value was 
83.3 %. Compared to this work, the values in Table 2 are comparable. Comparing the values without hydrogen 
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and after hydrogenation for 5 % and 10 % pre-deformation, it is clear that hydrogen in this case increased the 
yield strength, decreased the tensile strength and significantly reduced the elongation at fracture. From the 
point of view of hydrogen embrittlement, it is clear that hydrogen causes greater embrittlement at a higher 
degree of deformation, and thus at a higher proportion of martensite in the microstructure. 

2.3. Fracture analysis 

Fractographic analysis was performed on a JEOL 6490LV scanning electron microscope in secondary electron 
mode. The mixture of transgranular cleavage and ductile fracture in the middle and the dimple morphology, 
i.e. the transgranular ductile fracture, along the edges formed the fracture surface of the samples in the initial 
state without hydrogen. The character of the fracture surfaces of the samples after 5 % and 10 % pre-
deformation was similar to the initial state without hydrogen. 

Figure 4 shows the fracture surface of samples that were 5 % pre-deformed and then simultaneously 
hydrogenated and loaded to fracture. In detail A it can be seen there is mainly a quasi-cleavage fracture on 
the edge, which is formed by finer facets compared to the common cleavage fracture and is typical for hydrogen 
embrittlement. In further details transgranular mixed fracture is visible (detail B), but quasi-cleavage fracture is 
predominant in the centre bands of the sample (detail C). Fisheyes (detail D), which are characteristic for 
hydrogen embrittled steels, occurred on fracture surface almost all hydrogenated samples. Fisheyes are 
formed in the presence of larger inclusions, around which a quasi-cleavage fracture spreads and which passes 
mainly into a transgranular ductile fracture. The samples, which were 5 % pre-deformed, pre-hydrogenated 
and then loaded, showed a very similar character of fracture surfaces. In the samples pre-hydrogenated with 
10 % pre-deformation, a part of the fracture surface was formed by a purely transgranular cleavage fracture. 

3. CONCLUSIONS 

Hydrogen in deformed TRIP steel has changed many of steel properties. It can be stated that hydrogen 
increased the yield strength, but on the contrary reduced the tensile strength and significantly reduced the 
elongation at fracture. It is clear from the results of the hydrogen embrittlement index that hydrogen acted 
worse on samples that were subjected to higher deformation. The occurrence of deformation-induced 
martensite in the microstructure of TRIP steels contributed significantly to the susceptibility of these steels to 
hydrogen embrittlement. Fractographic analysis showed typical features caused by hydrogen, such as 
fisheyes. The hydrogenated samples showed a continuous area of quasi-cleavage fracture at the edges. 
Quasi-cleavage fracture occurred also in the middle of the cross-section in row microstructure. Based on this 
work, it can be stated that TRIP 780 steels are highly susceptible to hydrogen embrittlement, which significantly 
impairs their mechanical properties. 

  

Figure 4/1 Fracture area of samples after 5 % pre-deformation, simultaneous hydrogenation and 
deformation 
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Figure 4/2 Fracture area of samples after 5 % pre-deformation, simultaneous hydrogenation and 
deformation 
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Abstract 

This article is about the chemical composition and microstructure of the outer door handles of the TATRA 87. 
The TATRA 87 was produced between 1937 and 1950. It was a timeless car with an aerodynamic self-
supporting body and an eight-cylinder engine mounted at the rear. The material analysis was carried out on 
four pieces of historical outer door handles of different ages and conditions. These were door handle lent by 
the ECORRA s. r. o. company. The chemical composition of all four door handles was detected with an X-ray 
spectrometer using the ED-XRF method, which could be performed without significant damage to these 
historical pieces. In addition, other methods were used for two samples of door handles, namely the glow 
discharge optical emission spectrometry (GDOES) and metallographic analysis, which were, however, 
associated with destructive preparation of samples. It was found that four of the door handles samples used 
for the same type of car had different finishes. Although more modern chrome plating has been used in the 
Tatra since the early 1930, surprisingly, nickel was used for surface treatment here. There could have been 
more reasons why this was the case. Most likely, the shutdown of a part of the operation, or the lack of supply 
in the time of The Second World War, could have caused this phenomenon. The results of the measurements 
will be used in the production of accurate copies of outer door handles, which are no longer available in the 
vintage cars market today. 

Keywords: Door handles, composition, historic vehicle, surface finish 

1. INTRODUCTION 

At present, collecting and care of technical cultural heritage are very popular and thus there is a greater 
demand for spare parts and production associated with them. This is a complex issue that includes knowledge 
of material engineering, methods of reverse engineering [1,2] and, last but not least, of production technology. 

Electrolytic nickel galvanization is one of the oldest techniques used, for electrolytic excretion procedures in 
metals. Nickel (Ni) is mainly used for decorative purposes on technical products made of copper, copper alloys 
(brass, bronze) and iron. Nickel is applied to a layer of copper (Cu). Nickel is characterized by very good 
corrosion resistance, especially in atmospheric conditions [3,4]. A large part of the parts in cars and 
motorcycles was nickel-plated until 1930 [4]. 
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Chrome plating is a galvanic (electro-chemical) application of several layers of metals to the prepared base. 
The layers are applied in order of copper (Cu), nickel (Ni) and chrome (Cr). This finish is mainly used for its 
characteristic gloss, but the treated surfaces also show very good mechanical resistance [4]. 

Modern decorative solutions for nickel plating contain organic additives and ensure that mirrored shiny, high-
planar nickel coatings are released directly from the solution. Prior to the introduction of these organic 
admixture baths, decorative nickel coatings were produced by mechanical polishing of nickel-plated 
components, which was practiced between 1870 and approximately 1945. In 1927, for the first time, thin layers 
of chromium were electrolytically applied to polished nickel coatings to prevent yellowing or scratching of nickel 
coatings. Multi-layer nickel coatings began to be used in the early 1950s and micro-discontinuous chromium 
coatings from the mid-1960s to early 2000s. Modern multi-layer nickel coatings in combination with micro- 
discontinuous chrome can protect and improve the appearance of most metals and alloys, plastics and other 
materials in the long term [5]. 

The material analysis consisted of determining the chemical composition of the external doors handles 
mounted on Tatra 87 cars and of their microstructure. There were four handles about different condition and 
age that did not come from one car. Individual samples were marked A to D. The article also mentions surface 
finishes, which differed surprisingly for each handle. 

2. ANALYSIS OF SAMPLES A, B 

At first glance, the door handles A and B differed in appearance. The handle A had a matte, rough surface 
(Figure 1). The B handle showed that the surface was coated with a metallic glossy layer but damaged by 
uneven corrosion (Figure 1). For handles A and B (Figure 1), only the chemical composition using an X-ray 
spectrometer has been evaluated, using Delta Professional by ED-XRF method due to cause the least damage 
to historical handles. The disadvantage of this method is that it does not allow for steels to reliably determine 
the carbon content and therefore the given quality of the steel. First, measurements were made on the 
degreased surface, than the handles have been ground at the point of attachment to the bodywork to remove 
the surface layer and provide a place to measure the chemical composition of the base material (Figure 2). It 
was found that the handle A did not contain a surface layer and was made of non-alloy, carbon steel  
(Table 1). A high nickel and copper content were detected on the surface of handle B implying that this one 
was surface-treated using nickel, with copper being used as the underlying layer (Table 1). After the surface 
was ground, in the analysis of the chemical composition of the base material, there is an increased percentage 
of Ni and Cu, but this analysis is affected by the surrounding surface, which has not been ground (Table 2). 
The base material is expected to be carbon steel again. 

   

          Figure 1 Door handles A and B Figure 2 Detail of the surface and place of 
measurement of chemical composition using the 

ED-XRF method 
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Table 1 The chemical composition of handle A and B determined by the ED-XRF method in wt% (note.:   
 affected by oxidation, does not include oxygen and carbon) 

Handle A Handle B 

Element  
No surface 

grinding 
After grinding 

the surface 
Element  

No surface 
grinding 

After grinding 
the surface 

Si 1.75 0.05 Si 0.70 0.76 

Mn 0.43 0.47 Mn 0.10 0.46 

Al 0.93 0.19 Al 0.50 0.38 

Cr 0.03 0.02 Cr 0.51 0.03 

P 0.18 0.04 P - 0.03 

S 0.34 0.04 S 0.46 0.07 

Ni 0.17 0.04 Ni 34.22 6.84 

Cu 0.61 0.12 Cu 47.17 5.28 

Fe rest rest Fe rest rest 

 

   

Figure 3 Door handles C and D Figure 4 Handles C and D surfaces  

It was possible to cut the C and D handles (Figures 3 and 4) and perform a metallographic analysis on them 
and measurement of chemical composition using a more precise method of optical emission spectrometry with 
smouldering discharge (GDOES) on GDA 750 produced by Spektruma company, which also allows the carbon 
content to be measured [6, 7]. For comparison with previous handles, a chemical composition measurement 
was also made using the Delta Professional X-ray spectrometer using the ED-XRF method. Both C and D 
handles were coated (Figures 3 and 4), which shows the presence of a glossy surface. For handle D, a layer 
of copper was visible under a glossy surface layer. Both handles were attacked by uneven corrosion, although 
more pronounced corrosion was observed with handle D (Figure 3). The handle C was coated with chrome 
layer as opposed to the handle D, coated with a nickel layer beneath which was a layer of copper (Table 2). 
The basic material consisted of non-alloy, carbon steel (Table 2 and Table 3). GDOES analysis found that the 
handle C was made of carbon-containing steel 0.30 wt% and the D handle of carbon-containing steel of 0.17 
wt% (Table 3). 

The microstructure of the handles was analyzed on x-section metallographic cut-outs using the Olympus GX51 
light microscope (abbreviated LM) in a polished and etched state in 4 % HNO3 solution in alcohol (Nital). On 
the lower and lateral parts of the handles, you can see uneven corrosion on the surface, reaching a depth of 
50-100 μm (Figure 5), in an etched state it is a very thin (units of micrometres) surface layer (Figure 6). In the 
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microstructure in the polished state, non-metallic inclusions based on MnS are visible (Figure 7 and  
Figure 9), to a greater extent for handle C (Figure 7), corresponding to the increased sulphur content  
(Table 3). Also, some coarser inclusions of the alumina type were found. After etching in the Nital solution, the 
ferritic-perlitic microstructure occurred (Figures 8 and 10). For the top surface of handle C, the microstructure 
contains slightly coarser grains of pearlite than there is on the side and bottom. The pearlite proportion was 
lower for handle D, corresponding to the lower carbon content of the matrix (Figures 8 and 10).  

Table 2 Chemical composition of handles C and D determined by ED-XRF method in wt% (note: affected by  
 oxidation, does not include oxygen and carbon) 

Handle C Handle D 

Element  
No surface 

grinding 
After grinding 

the surface 
Element  

No surface 
grinding 

After grinding 
the surface 

Si 0.24 0.15 Si 0.31 0.21 

Mn - 0.45 Mn 0.34 0.53 

Al - 0.20 Al - 0.15 

P - 0.03 P 0.03 0.04 

S 0.05 0.13 S 0.24 0.09 

Cr 20.82 0.03 Cr 0.74 0.03 

Ni - 0.04 Ni 16.59 0.07 

Cu 0.13 0.20 Cu 14.09 0.32 

Fe rest rest Fe rest rest 

Table 3 Chemical composition of the base material in handles C and D determined by the GDOES method   
 in wt%  

Handle C Mn Si P S Cr Ni Cu Fe 

C 0.30 0.50 0.01 0.043 0.063 0.03 0.05 0.19 rest 

D 0.17 0.56 ˂0.001 0.033 0.033 0.04 0.08 0.26 rest 

    

Figure 5 Microstructure of door handle D, surface Figure 6 Microstructure of door handle C, surface 
with corrosion, etched in Nital (LM)  with a thin layer, etched in Nital (LM) 
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  Figure 7 Door handle C, polished state, inclusions Figure 8 Microstructure of door handle C, etched in 
Nital (LM) 

   

Figure 9 Door handles D, polished state, inclusions Figure 10 Microstructure of door handles D, etched 
in Nital (LM) 

On C and D handles hardness measurement scan according to Vickers HV 30 in compliance with the ČSN EN 
ISO 6507-1 was done. The C handle had the hardness of 144  3 HV30. The D handle had a lower hardness, 
i.e. 124  1 HV30, corresponding to a smaller amount of carbon in the matrix. 

3. CONCLUSION 

Analysis of the chemical composition of the external handles from the Tatra 87 car was carried out to obtain 
information on the material that was used to produce the part for this vintage car. The result from the 
measurement can be used for the production of a new part, which can replace either the missing part or the 
part in an already unrecoverable state. The issue connected with the production of parts for vintage means of 
transport or technical monuments is generally very extensive. It is important to maintain the production 
processes and materials. For this reason, material analysis is of great importance and in the future, we will not 
be allowed to avoid it in the restoration of cultural technical monuments. The information found may assist 
restorers in the manufacture or repair of damaged parts. The results obtained can be used on the Tatra 97, 
which used the same outer handles as the larger car Tatra 87. 
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Abstract  

In the present work, obtained billets from powder high-speed steel by the HIP method. Samples were tested 
at various speeds and degrees of hot plastic deformation, which are modeled on the Gleeble-3800 complex. 
The total number of samples is 8. The generalized experimental results cover almost the entire range of high-
speed deformation modes of hot rolling mills and can be used to develop technological processes for metal 
forming when producing blanks for cutting tools in a wide size range. 

Keywords: Physical modeling, powder metallurgy, plastic deformation, high-speed steel, extrusion  

1. INTRODUCTION 

Improving the quality of tools made of high-speed steels is currently being successfully solved by the methods 
of powder technology, the basis of which is compaction of atomized powders into practically non-porous 
preforms [1]. 

The manufacture of non-porous semi-finished products from atomized powders of high-speed steels is usually 
carried out by hot isostatic pressing (HIP) [2,3]. During the HIP process, the powders are pressed in special 
capsules (containers), which are thin-walled shells that are close in shape to the pressed products. Such 
products can have both simple shapes of cylindrical or flat blank and complex shapes of shaped parts. 
Typically, capsules are made from well-weldable low-carbon steel. After loading the powder into the capsule, 
it is hermetically sealed and evacuated. 

High comprehensively uniform pressure in the gas chamber is created by the compressor. The calculated 
values of temperature and pressure are maintained at a constant level throughout the entire exposure time. 
After exposure, the product cools with a decrease in pressure. 

High comprehensively uniform pressure in the gas chamber is created by the compressor. The calculated 
values of temperature and pressure are maintained at a constant level throughout the entire exposure time. 
After exposure, the product cools with a decrease in pressure. 

The mechanical properties of powder high-speed steel billets after HIP are not high enough. So, for example, 
the flexural strength of specimens from R6M5 powder high-speed steels obtained by HIP after quenching and 
tempering is 2635 MPa, while the same steel produced by hot extrusion has a tensile strength of more than 
4000 MPa [4,5]. This difference is due, first of all, to the fact that during HIP, the powder particles practically 
do not deform and the remnants of the oxide film on the surface of the particles reduce the surface of the clean 
contact between the particles. During extrusion, there is a significant deformation of the powder particles with 
rupture and dispersion of oxide films, which increases the surface of the pure interparticle contact. The 
consequence of this is to increase the strength and viscosity of the deformed metal. Therefore, the subsequent 
hot plastic deformation (forging or rolling) is necessary both for obtaining the required dimensions of the 
workpieces after the HIP, and for the formation of high physical and mechanical properties of the workpieces 
and, as a result, of the tool, especially the small-blade ones (drills, taps, mills). 
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The aim of this work was the physical modeling of hot plastic deformation process of workpieces from powder 
R6M5 high-speed steel obtained by the HIP method in a steel shell; dependence assessment of the 
technological plasticity of the material in the studied temperature range (900 -1100 °C) on the speed and 
degree of deformation for the development of subsequent technologies for the hot plastic deformation of 
workpieces after HIP. 

2. EXPERIMENTAL 

2.1. Materials and equipment 

To obtain the billet, high-speed steel powder R6M5 (Table 1) made by “Heganes - Eastern Europe” was used. 
The average particle size of the powder is 70 microns. The capsule was made of a seamless hot-deformed 
pipe with a diameter of 150 mm and a wall thickness of 5 mm. The material of the capsule was low-carbon 
steel 20 (Table 2). The temperature of isothermal holding during the HIP 1150 °C, pressure 100 MPa. 

Table 1 Chemical composition of high-speed steel powder R6M5 

C Si Mn Ni S P Cr Mo W V Co Fe 

0.82 - 0.9 ≤0.5 ≤0.5 ≤0.4 ≤0.025 ≤0.03 3.8 - 4.4 4.8 - 5.3 5.5 - 6.5 1.7 - 2.1 ≤0.5 ~80 

Table 2 Chemical composition of low-carbon steel 20 

C Si Mn Ni S P Cr Cu As V Co Fe 

0.17 - 0.24 0.17 - 0.37 0.35 - 0.65 ≤0.25 ≤0.04 ≤0.04 ≤0.25 ≤0.25 ≤0.08 - - ~98 

 

Figure 1 Hydrawedge module for performing impact tests (a, b) and the view of his working chamber (c) 

a b 

c 
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After HIP, the capsule shell was removed by mechanical treatment. For research, cylindrical specimens with 
diameter 10 mm and length 15 mm were cut from high-speed powder steel. 

Physical modeling was carried out on the test complex Gleeble-3800, which is able to carry out physical 
modeling of most processes of materials thermomechanical processing. In the present work, the Hydrawedge 
module was used for experiments (Figure 1). 

 

Figure 2 Image of the sample in the working chamber during testing 

This module can be used for physical modeling of metal forming processes. It allows with high accuracy in the 
degree and speed of deformation to realize high-speed repeated deformation of the material at a given 
temperature mode, reproducing the temperature-deformation mode, in particular, multi-pass rolling, 
implemented on modern industrial multi-stand mills. The speed of the working beam can reach 2.5 m / s, which 
allows the deformation of the samples at speeds up to 200 s-1. 

a)   b)  

c)  d)  

Figure 3 Appearance of tested samples: а - temperature 900 °С, strain rate 0.1 s-1; b - temperature 900 °С, 
strain rate 10 s-1; c - temperature 1100 °С, strain rate 0.1 s-1; d - temperature 1100 °С, strain rate 10 s-1 
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In the present study, the simulation of hot plastic deformation was carried out on cylindrical samples of 
diameter 10 mm and 15 mm length by uniaxial compression between two flat strikers (Figure 2). 

To protect the samples heated to high temperatures from surface oxidation, the tests were carried out in 
vacuum, and molybdenum foils were used to eliminate the welding of the samples to the strikers during 
deformation. Figure 3 shows the appearance of the samples after testing. 

3. RESULTS AND DISCUSSIONS 

In the Figure 4 shows the results of an experimental study of the plastic flow of powder high-speed steel R6M5 
in the temperature range of hot plastic deformation at various rates and degrees of deformation, combined as 
a summary diagram of loading samples. 

Analysis and generalization of the presented simulation results allows us to assume that the level of 
technological plasticity in the studied temperature range (900-1100 °C) is high enough to produce true 
deformation to the degree of 0.8 (compression from 15 to 6.5 mm on the samples studied) without formation 
of defects in the form of cracks in the entire range of strain rates used on modern forging and rolling equipment. 

4. CONCLUSION 

Thus, in this work, we obtained a billet of powder high-speed steel by the HIP method, tested the samples at 
various rates and degrees of hot plastic deformation, which were modeled on the Gleeble-3800 complex. The 
generalized experimental results cover almost the entire range of high-speed modes of deformation of hot 
rolling mills and can be used to develop technological processes for metal forming when producing blanks for 
cutting tools in a wide size range. 

 

Figure 4 A summary diagrams of stresses on the deformation degrees which show the results of an 
experimental study of powder high-speed steel R6M5 plastic flow 

ACKNOWLEDGEMENTS   

The reported study was funded by RFBR, project number 19-33-90241. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

468 

REFERENCES 

[1] NAUMOV, A.A., BEZOBRAZOV, Y.A., CHERNIKOV, E.V. Development of Hot Rolling Schedules for Lean 
Alloyed Pipeline Steel X80 Produced on Continuous Mill 2000. Materials Science Forum. 2014, vol. 783, pp. 938-
943.  

[2] AGEEV S.V., GIRSHOV V.L. Hot isostatic pressing in powder metallurgy. Metalworking. 2015, vol. 4 (88), pp. 56-
60. 

[3] MIRONENKO, V.N., VASENEV, V.V., PETROVICH, S.Y., MYSHLYAEV, I.V. Structure and properties of compact 
workpieces and bars made of sintered aluminium alloy CAC-1. Tsvetnye Metally. 2018, vol. 4, pp. 86-91.  

[4] BEHRENS, B.A., BOUGUECHA, A., VUCETIC, M., PESHEKHODOV, I., KAZHAI, M., GANIN, S., MATVEEV, M. 
Physical simulation of precipitation hardened ferrite-pearlite steels during hot deformation processing. Materials 

Physics and Mechanics. 2016, vol. 25, no. 1, pp. 9-15. 

[5] TSEMENKO, V.N., GANIN, S.V., PHUC, D.V. Research and simulation of the deformation process of dispersion 
hardened powder in a capsule. Materials Physics and Mechanics. 2016, vol. 25, no. 1, pp. 68-75. 

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

469 

BASIC CHARACTERISTICS OF WIDMANSTÄTTEN AUSTENITE IN GOES 

1Kryštof HRADEČNÝ, 1Renáta PALUPČÍKOVÁ, 1Anastasia VOLODARSKAJA,                   
1Vlastimil VODÁREK 

1VSB - Technical University of Ostrava, Faculty of Materials Science and Technology,  

Ostrava, Czech Republic, EU, krystof.hradecny@vsb.cz 

https://doi.org/10.37904/metal.2020.3505 

Abstract 

Twin - roll strip casting is an advanced technology for production of thin strips with the thickness of several 
millimetres. Recent progress in twin - roll strip casting makes it possible to apply this technology for the 
production of grain oriented electrical steels (GOES). Optimization of technological processing of GOES using 
this revolutionary technology requires the detailed knowledge about microstructure evolution.  

Cooling of GOES thin strips in the  +  phase field is accompanied by the formation of austenite in the form 
of Widmanstätten laths. This paper summarises basic knowledge about the formation and subsequent 
decomposition of Widmanstätten austenite in GOES thin strips. Attention is paid to nucleation of 
Widmanstätten austenite, its growth in the matrix of -ferrite, pinning of austenite/ferrite interfaces by sulphides, 
the formation of epitaxial ferrite, partitioning of carbon and finally to the decomposition of Widmanstätten 
austenite either to pearlite or plate martensite.  Phase transformations were studied by a combination of light 
microscopy, XRD, SEM + EBSD and TEM.  

Keywords: GOES, Strip casting, Widmanstätten austenite, EBSD 

1. INTRODUCTION 

Strip casting is a modern, efficient and economical technology for production of steel strips with thicknesses 
in the order of millimeters [1]. Generally, this value is close to the final sheet thickness, so the amount of post-
casting steps could be minimized. This fact entails many financial and environmental benefits to the 
steelmaking industry. Recent development of the strip casting technology makes it possible to apply it for the 
grain oriented electrical steel (GOES) production. 

Recent studies have demonstrated that the microstructure of as-cast GOES sheets can consist of ferrite, 
pearlite, plate martensite and residual austenite [2-4]. GOES firstly solidify as δ-ferrite, and during following 
cooling in the δ + γ region a small fraction of austenite and some minor phases precipitate in the parent ferrite. 
Newly formed austenite is harder than ferrite. Furthermore, a volume shrinkage is caused by δ to γ phase 
transformation. Austenite laths form patterns with Widmanstätten morphology. At the end of the δ + γ region 
austenite decomposition to low temperature products occurs. Products of Widmanstätten austenite 
decomposition depend on the cooling rate, chemical composition and size of austenite laths.  

Basic characteristics of Widmanstätten ferrite in steels have been studied widely but little is known about 
Widmanstätten austenite formation and decomposition mechanisms, morphology and crystallography [5,6]. 
This paper summarises basic knowledge about the formation and subsequent decomposition of 
Widmanstätten austenite laths in GOES thin strips.  
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2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The thin strip was manufactured at TU Claustahl using the horizontal belt casting process [1]. In this case, 
liquid steel flows from a ladle into a tundish system and is dispensed onto a water-cooled belt. The top surface 
of the solidifying strip is protected by argon. The calculated cooling rate varies across the thickness of the strip. 
The calculated cooling rate on the top surface of the strip in the temperature range from 1573 K to 973 K was 
about 2 K⋅s-1. The width and thickness of the belt-casted strip was 0.30 m and 0.014 m, respectively. Chemical 
composition of the strip is shown in Table 1. 

Table 1 Chemical composition of the cast, mass % 

C Si Mn S Cr Cu Al 

0.034 2.81 0.06 0.024 0.20 0.15 0.002 

Microstructure investigations were carried out on longitudinal sections in the middle width, across the whole 
thickness of the strip. Microstructure evolution during cooling of the solidified strip was studied using a 
combination of light microscopy (LM), X-ray diffraction (XRD), scanning electron microscopy (SEM), electron 
backscattered diffraction (EBSD), X-ray microanalysis (EDX) and transmission electron microscopy (TEM). 
Samples for EBSD analysis in SEM (Quanta 450 FEG) were prepared by mechanical grinding and polishing, 
the final polishing was done using colloidal silica. The OIM AnalysisTM software was used for acquisition and 
indexing of Kikuchi diffraction patterns and for evaluation of the EBSD orientation data. Minor phases were 
studied in TEM (JEM 2100) on carbon extraction replicas using both selected area electron diffraction and 
EDX.  

3. RESULTS 

Figure 1 shows image quality (IQ) + high angle ferrite grain boundaries (HAGB) and low angle ferrite grain 
boundaries (LAGB) map across the whole thickness of the strip. Microstructure across the thickness consisted 
of coarse ferrite grains and decomposed Widmanstätten austenite laths [4]. Ferrite grains were up to a few 
millimetres in diameter. However, detailed analysis demonstrated that these coarse ferrite grains were 
fragmented into a number of subgrains. Figure 2a shows a detailed inverse pole figure (IPF) map of ferrite 
grains inside which subgrains are recognizable. The internal misorientation inside the ferrite grain along the 
line 1 was measured. Figure 2b shows misorientation profile along the line 1. It is obvious that point to point 
misorientation between pairs of neighbouring points was always less than 2°. On the other hand point to origin 
misorientation along the line 1 was around 13°. Refinement of ferrite grains can be observed at about 1⁄4 depth 
under the top surface of the strip which corresponds to the area of final solidification of the strip.  

 

Figure 1 Distribution of decomposed Widmanstätten austenite laths in δ-ferrite across the thickness of the 
strip, IQ map + HAGB (blue, α > 15°) + LAGB (red, α < 15°), bottom = bottom surface, top = top surface 

The fraction of decomposed Widmanstätten austenite was about 2 % [4]. Laths of Widmanstätten austenite 
preferentially nucleated at high angle ferrite grain boundaries where they formed low energy flat 
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austenite/ferrite interface facets, Figure 3. Laths nucleate directly on HAGB and grow by displacive 
mechanism with a relatively low rate of growth which allows partitioning of carbon during transformation [3]. 

    

Figure 2 Misorientation inside ferrite grains: a) IPF map with the line 1, b) misorientation profile along  
the line 1  

The formation of Widmanstätten austenite only on one side of a ferrite grain boundary resulted in its 
straightening, Figure 3a. The reason for straightening is migration of grain boundaries in the vicinity of flat 
interface facets in order to minimize interfacial energy. It was proved that such straight grain boundaries are 
actually planar in three dimensions [7]. If Widmanstätten austenite laths nucleated on both sides of a ferrite 
grain boundary, two sets of flat austenite/ferrite interface facets appeared, Figure 3b. The habit planes of the 
Widmanstätten laths in two neighbouring ferrite grains generally are not parallel due to the misorientations 
between these grains. As a result, when laths nucleate on both sides of a boundary, the boundary will be 
forced to migrate in two opposite directions to accommodate the habit planes of these laths. It resulted in zig-
zag shape of ferrite grain boundaries composed of alternating segments of straight boundaries, Figure 3b. 
This was probably favoured by the high formation temperature of Widmanstätten austenite laths [3].  

 

Figure 3 Decomposed Widmanstätten austenite laths nucleated directly on the ferrite grain boundaries a) 
the straight ferrite grain boundary decorated by decomposed Widmanstätten austenite growing into one 

ferrite grain, b) parallel Widmanstätten austenite laths growing into two adjacent ferrite grains, LM 

Figures 3a and 3b also document heavy precipitation in δ-ferrite. Precipitates occurred along grain and 
subgrain ferrite boundaries, inside ferrite grains and also close to ferrite/austenite interfaces, Figures 4a 

a) b) 

a) b) 
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and 4b. Needle-like precipitates in the ferrite matrix are formed by cementite, Figure 4b. Most fine globular 
precipitates along grain/subgrain boundaries and in the ferrite matrix are complex sulphides with variable 
chemical composition. Mostly these sulphides were rich in manganese, chromium, iron and copper [4]. 
Figure 4c shows typical EDX spectrum of complex sulphides. Chemical composition variability of sulphides 
indicates that their formation can be expected in a wide range of temperatures [8]. Electron diffraction studies 
proved that the crystal structure of fine sulphides was consistent with the Cr2CuS4 phase, Figure 4d [9].  

                   

        

Figure 4 Precipitation in strip casted GOES a) distribution of complex sulphides in ferrite, SEM b) needle-like 
particles of cementite, fine sulphides along subgrain boundaries, LM, c) EDX spectrum of complex sulphides, 

d) Intragranular Cr2CuS4 sulphides, insert: zone axis 111Cr2CuS4, TEM 

Periodic networks of complex sulphides close to ferrite/austenite interfaces make it possible to investigate the 
movement of these interfaces at the early stages of Widmanstätten austenite decomposition. Widmanstätten 
austenite decomposition typically starts with the formation of so-called epitaxial ferrite which predominantly 
forms close to the tips of Widmanstätten austenite laths [4]. Arrows in Figure 5a define the parts of 
Widmanstätten austenite laths which transformed to epitaxial ferrite. This “new” ferrite has the same 
crystallographic orientation as the surrounding ferrite, Figure 5b. The IPF orientation map in Figure 5b 
presents parallel decomposed Widmanstätten austenite laths growing from the ferrite grain boundary into the 
bottom grain. The growth of epitaxial ferrite into flat ferrite/austenite interface facets at ferrite grain boundaries 
results in a wavy shape of these ferrite grain boundaries [9]. 

Mechanisms of final austenite decomposition are affected by the differences in the cooling rate across the strip 
thickness, chemical composition and dimensions of Widmanstätten austenite laths. Products of Widmanstätten 
austenite laths decomposition are pearlite, plate martensite and retained austenite. In Fe - C alloys plate 

a) b) 

d) c) 
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martensite appears if they contain more than about 0.6 mass % C [10]. The formation of plate martensite 
during decomposition of Widmanstätten austenite proves that austenite is significantly enriched in carbon. The 
fraction of retained austenite in the final microstructure of the GOES strip was specified by XRD analysis and 
reached up to 0.5 %. Decomposition of Widmanstätten austenite into pearlite requires enrichment of austenite 
by carbon to the eutectoid composition. The phase map in Figure 6a shows small areas of retained austenite 
(green areas) which coexisted with plate martensite. Figure 6b shows coexistence of plate martensite and 
perlite. 

                

Figure 5 Partial decomposition of Widmanstätten austenite to epitaxial ferrite a) arrows show epitaxial ferrite 
formed close to the tips of Widmanstätten austenite laths, LM, b) IPF map for ND, arrows mark the growth of 

epitaxial ferrite from the top grain into the originally flat austenite/ferrite interface facet 

               

Figure 6 Partial decomposition of Widmanstätten austenite to pearlite, plate martensite and retained 
austenite a) phase map of ferrite (red) and retained austenite (green), b) detail of Figure 6a, mixture of plate 

martensite, retained austenite and perlite, LM 

4. CONCLUSION 

Basic knowledge about the formation and subsequent decomposition of Widmanstätten austenite in GOES 
thin strips can be summarised as follows: 

 Solidification of the belt-casted strip started with the formation of the δ-ferrite from liquid steel. Ferrite 
grains were up to a few millimetres in diameter. However, these grains were fragmented into a number 
of subgrains. 

 During cooling a small fraction (about 2 %) of Widmanstätten austenite precipitated in the δ-ferrite by 
displacive mechanism accompanied by partitioning of carbon. Widmanstätten austenite laths 

a) b) 

a) b) 

detail 
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preferentially nucleated on HAGB and formed the flat low energy austenite/ferrite interface facets along 
the ferrite grain boundaries. In order to minimize the interfacial energy, ferrite grain boundaries in the 
vicinity of these facets migrate. Widmanstätten austenite laths have an orientation relationship with the 
ferrite grain into which they grow. The nucleation of Widmanstätten austenite only on one side of a ferrite 
grain boundary resulted in its straightening. The nucleation of Widmanstätten austenite laths on both 
sides of the ferrite grain boundary resulted in zig-zag shape of this boundary. 

 Heavy precipitation of complex sulphides developed in the δ -ferrite, grain/subgrain ferrite boundaries 
and ferrite/austenite interfaces. Majority of fine sulphides corresponded to the Cr2CuS4 phase. Needle-
like precipitates in the ferrite matrix were formed by cementite 

 Decomposition of Widmanstätten austenite laths initiated with the formation of epitaxial ferrite resulting 
in a further enrichment of remaining austenite in carbon. The growth of epitaxial ferrite into the flat 
ferrite/austenite interface facets along ferrite grain boundaries resulted in a wavy shape of these 
boundaries. The final step of Widmanstätten austenite decomposition resulted in the formation of 
pearlite by diffusional mechanism or plate martensite by displacive mechanism. The fraction of retained 
austenite in the final microstructure of the belt-casted strip was very small (about 0.5 %). 
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Abstract 

The aim of this paper is to describe the selected mechanical properties and microstructure of butt welded joints 
obtained by the hybrid Plasma+MAG method of S700 MC steel (high strength Re=700 MPa). The results of 
metallographic research of welded joints, microstructure of the weld and heat affected zone, hardness 
distribution and impact toughness are presented. The tensile test shown that strength of welded joints was 
slightly reduced and the bending test revealed no crack formation in the weld. The impact toughness of 
measured welded samples with V-notch in HAZ (heat affected zone) reached high values that are higher 
comparing to samples with notch placed in the weld area. The investigation results show that the use of hybrid 
plasma + MAG welding arc does not significantly change the structure and deteriorate properties of welded 
S700MC thermomechanically treated high strength steel. 

Keywords: Hybrid welding, microstructure, mechanical properties, welded joints, high strength steel 

1. INTRODUCTION 

The dynamic development of welding processes has led to the development of new varieties of hybrid welding, 
usually combining two welding methods with different heat sources: arc welding with concentrated energy 
beam welding, e.g. laser. In this process, the temperature field is created by the simultaneous interaction of 
an electric arc and a laser beam. An example of hybrid welding is most often a combination of the laser welding 
method with the MAG (Metal Active Gas) method [1] or the TIG (Tungsten Inert Gas) method [2]. This paper 
concerns hybrid welding based on a combination of concentrated plasma arc and MAG [3], which strengthens 
the advantages of both methods and simultaneously reduces the limitations. On the one hand, the heat source 
in the form of high-energy plasma ensures deep penetration of the steam channel, and the classic GMA heat 
source fills the welding groove. This combination significantly increases welding efficiency, reduces binder 
consumption, and most importantly, reduces the need for precise edge preparation for the welding process, 
which is very important in industrial conditions. Hybrid plasma welding is from investment and operational point 
of view a much cheaper solution compared to that in which it is based on a laser. This innovative plasma 
welding method+GMA requires the use of a special magnetic curtain, thanks to which the current of both the 
plasma arc and the GMA arc flows through the welded material. Otherwise, they would endure each other 
because of the opposite polarity [4]. The described method combines the MAG (Metal Active Gas) arc welding 
process and the plasma welding method to increase the welding performance. The purpose of the plasma 
application is to achieve deep penetration (opened evaporation canal - keyhole) in welded material. The 
creation of an evaporation channel is possible when the plasma arc's density is above 1010 W/m2. The role of 
the MAG method is to fill the opened channel with the weld metal and create the suitable shape of the face of 
a weld. The hybrid welding process uses many advantages of both welding heat sources. The hybrid welds 
can have deep penetration level, comparable with depths obtained by plasma key-hole welding, but at the 
same time having a tolerance of joints fit-up and weld cap profile more comparable with MAG welds. In general, 
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the hybrid welding system is characterized by an extremely high welding efficiency, measured by the mass of 
fused metal. It has approximately up to 20 times higher welding efficiency compared to conventional welding 
methods. It can be assumed that one bead welded by the hybrid plasma+MAG method corresponds to 5 beads 
produced by the classic welding method. A similar relation exists in relation to welding speed, which achieve 
much higher values for the hybrid method. Schematic drawing of the hybrid plasmatron is presented in  
Figue 1. The construction of the hybrid system and its technological properties can be found in literature [4]. 

       

Figure 1 Hybrid plasmatron: a) Schematic drawing, 1 - plasma arc, 2 - MAG arc, 3 - plasmatron cathode, 4 - 
plasma nozzle, 5 - shielding gas nozzle, 6 - welding direction, 7 - MAG wire electrode, 8 - liquid metal, 9 - 

plasma keyhole, 10 - welded material, 11 - magnetic curtain; b) general view 

The S700MC steel is an attractive construction material with quite simple mechanical composition. It belongs 
to a group of high strength steels (HSS) which are subjected to thermomechanical treatment in the production 
process that provides it with high strength properties. On the other hand, it is also sensitive to heat and reacts 
to it through excessive recrystallization, which weakens the heat affected zone (HAZ). For such materials the 
use of hybrid welding methods based on plasma or laser beam should be adequate to reduce the amount of 
heat introduced into the joint and thus limit the unfavourable changes that may occur in HAZ, due to too much 
heat introduced. 

2. HYBRID PLASMA + MAG WELDING PROCESS 

The welding abilities of S700MC HSS steel is generally pretty good. The significant problem when welding 
S700MC steel is the presence of high-temperature coarse grains in the heat affected zone (HAZ). A rapid 
decrease of impact toughness in this region is observed due to the nucleation effect of the dissolved phases, 
strengthening the matrix and their subsequent uncontrolled separation and precipitation in the form of finely 
dispersion phases.  

Table 1 Chemical composition and mechanical properties of S700MC steel 

Chemical composition, wt% 

C Si Mn P S Al Nb V Ti B Mo C equivalent 

0.059 0.253 1.912 0.009 0.006 0.027 0.057 0.021 0.087 0.087 0.106 0.33 

Mechanical properties 

Tensile strength 
Rm (MPa) 

Yield stress 
Re (MPa) 

Elongation 
A5 (%) 

Hardness 
HV 

Impact strength 
J/cm2 (-20 C) 

830 767 19 280 135 
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Table 2 Chemical composition of G 69 6 M21 Mn4Ni1 filler material 

Chemical composition, wt% 

C Si Mn Cr Ni Mo Ti 

0.09 0.55 1.67 0.25 1.52 0.50 0.07 

The plasma+MAG hybrid weld- ing tests that have been taken here have shown that in order to ensure high 
quality of welded joints it is necessary to limit the welding linear energy input. During the welding process of 
S700MC steel, it is not recommended to use both preheating and post welding heat treatment operations. Due 
to high strength properties of S700MC steel it is necessary to try to limit the amount of heat introduced into the 
material in the welding process, which will have a destructive effect on the properties obtained in the 
thermomechanical process of steel production. Recrystallization processes developed in HAZ will lead to 
softening of the material and loss of the initially high strength properties of steel. Also, the welding thermal 
cycle promotes the solution of fine-dispersive carbides, Nb, Ti and V and their uncontrolled precipitation again 
[1,2]. This may affect the phase transformation in HAZ during cooling and also during post-weld heat treatment 
which will lead to reduction of impact toughness [5]. Introduction a large amount of heat into the welded S700 
steel extends the time of holding the HAZ at elevated temperature and lowers its cooling time, which makes 
the austenite grains to grow and formation of structures that have limited plasticity [6]. Hence, both preheating 
and heat treatment after welding will further promote recrystallization in HAZ and reduce the original 
mechanical properties [7]. To study the properties and weldability of S700MC steel welded by the 
plasma+MAG hybrid system, samples of 10 mm thick steel S700MC sheets were prepared for butt joints. The 
sheets were welded in the flat position on a water-cooled copper backing strip using solid filler wire G69 6 M21 
Mn4Ni1 with a diameter of 1.2mm. The chemical composition and the mechanical properties of the S700MC 
steel used are shown in Table 1. These data were taken from the manufacturer’s (SSAB) certifi- cate of 
supplied Domex 700MC E steel. The microstructure of S700MC steel is presented in Figure 2. The material 
has a bainitic-ferritic structure with a visible effect of plastic deformation resulting from the thermomechanical 
treatment process. For the hybrid welding a filler wire G 69 6 M21 Mn4Ni1 (ED-FK 800) with 1.2 mm diameter 
was used. This material is dedicated to welding of high strength low alloy steel [8, 9]. It was selected for hybrid 
welding of S700MC steel due to its high yield stress (above 690 MPa) which is comparable with the base 
material. The chemical composition of the filler wire metal is collected from the manufacturer’s (Fliess) data 
sheet and is presented in Table 2. The hybrid plasma+MAG welding was performed using PLT Hybrid Super-
MIG system. The welding plasmatron was mounted in a wrist of industrial KUKA KR 16-2f robot. The hybrid 
welding parameters are presented in Table 3. The plasma gas used in test was Ar 100 % and the shielding 
gas used in the test was mixture (18 % CO2 + 82 % Ar), whereas the gas flow rate amounted to 22 dm3/min. 
The welding process was carried out using one pass. The parameters used during making the butt joints and 
other welding conditions (adjusted on the basis of preliminary test) are presented in Table 3.  

Table 3 Parameters of the hybrid butt welding of 10 mm thickness steel S700MC 

Plasma arc 
voltage, V 

Plasma arc 
current, A 

MAG arc 
voltage, V 

MAG arc 
current, A 

Travel speed 
m/min. 

Heat input 
KJ/mm 

Ti 

23.9 332.4 33.6 390.7 0.95 0.96 0.07 

3. INVESTIGATION RESULTS 

Hybrid welded joints were prepared for testing by cleaning the surface in accordance with the procedure 
described in the literature. Welded joints were tested by visual examination and by the magnetic particle test 
which did not reveal shape and surface welding imperfections. The welded joints satisfied the requirements 
related to quality level B according to ISO 12932. The microscopic observations did not show the presence of 
welding imperfections both in weld and in the heat affected zone (Figure 2). The shape and dimension of weld 
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root reflected the shape and dimensions of the copper backing strip used during welding. We may distinguish 
double HAZ in the joint. This probably results from the fact that in the hybrid welding process we have almost 
simultaneous interaction of two arcs (plasma and classical arc) with significantly different heat concentration 
densities. The heating mechanism is different in both heat sources (the plasma arc creates a ‘keyhole’ gas 
channel, while the classic arc creates a liquid weld pool and the heat is transferred based on conduction). Both 
arches interact to some extent (overlap) and with significantly different amount of heat introduced into the 
material, a characteristic HAZ is created containing two different subzones. The microscopic observations 
revealed a bainitic- ferritic microstructure in the weld area. The structure of the base material is characterized 
by a banded grain arrangement with visible plastic deformation resulting from the production process of 
S700MC grade steel which is based on controlled rolling with accelerated cooling. This effect, due to the high 
temperature of the welding process, was lost in HAZ2 (fine-grained structure), while in HAZ1, in the high-
temperature area, significant grain growth occurred.  

 

Figure 2 Microstructure of the hybrid plasma + MAG welded joints made of S700MC steel 

Further mechanical tests of the S700MC hybrid welded joints were carried out  tensile strength, bending tests 
of joints from the face and root side, and impact tests. The tensile tests were carried out in accordance with 
requirements of the EN-ISO 15614-14 standard. The sample size and dimensions are presented in Figure 3. 
The hybrid plasma + MAG welding process resulted in a slight decrease of tensile strength (approx. Rm = 770 
MPa in all tested samples) from 820 MPa of the base material. The fracture took place in the weld area for all 
tested samples. The amount of base material in the weld is at a level exceeding 50 % thus, the chemical 
composition of the weld may have been significantly reduced. The tensile strength of the applied filler metal 
equals to 770 MPa, so improvement of joint’s tensile strength can be achieved, e.g. by choosing a different 
one filler material.  

 

Figure 3 Geometry of welded samples used in tensile tests  

Weld 

HAZ 2 

HAZ 1 

Base material 
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The bending tests were performed according to PN-EN ISO 5173:2010. The three point bending was 
performed on the machine with maximal force of F = 50 kN. The loading with a pin roll of 15 mm radius was 
performed on samples both from the face and root sides. The results show no failure up to the maximum 
loading force, which demonstrated high plastic properties of the joint. The Charpy impact test was performed 
at the temperature of -30 °C according to PN-EN 10045-1:1994 on welded samples with v-notch located in the 
weld and in the HAZ. The VEB Werkstoffprüfmachinen Leipzig impact testing machine was used with initial 
impact energy of 300 J. The obtained results presented satisfactory impact toughness values in the weld, 
fusion line, and in the HAZ. It is noteworthy that in all tested joints the impact toughness was higher in the 
samples with notch located in HAZ in contrast to a notch in weld area. In sample of welded joint it was 169 
J/cm2 with a notch in HAZ and 99 J/cm2 with a notch in weld. The higher impact toughness observed for 
samples with notch located in HAZ is reflected by the fact that they were not completely divided by the impact 
energy. One of the reasons for such results may be a double heat cycle and two sub-zones developed in HAZ. 
Basing on the view of fractured surfaces of tested joints we may say that fractured samples with notch located 
in the HAZ presents mixed mode of fracture described by delamination and ductile type Figure 4. On the other 
hand, the samples with notch in the weld present brittle type of fracture and the microstructure of fractured 
samples is characterized by fine grains.  

a) b) 

  

Figure 4 Fractured area of hybrid plasma+MAG welded joints: a) notch in weld, b) notch in HAZ 

The collected results from mechanical testing of hybrid welded joints for samples A and B are presented in 
Table 4. The mechanical testing was conducted using a series of four samples in each test.  

Table 4 Results of tensile, bending and Charpy impact test carried out on samples produced by hybrid  
 plasma+MAG welding 

Mechanical test - Average force,  
kN 

Standard deviation,  
kN 

Average ultimate tensile strength, 
MPa 

Tensile - 108 1.37 771.4 

Bending 
Bending 

angle 180 
   

- - Average impact 
energy, J 

Standard deviation,  
J 

Average impact toughness at -30 C, 
J/cm2 

Impact Weld 
HAZ 

79 
135 

11.10 
30.59 

99 
169 
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4. CONCLUSIONS 

To sum up, the conducted research allows drawing the following conclusions: 

 In the heat-affected zone, two subzones HAZ1 and HAZ2 can be distinguished, differing in 
microstructure and hardness. In the HAZ1, significant grain growth occurred accompanied by lowered 
microhardness.  

 It is possible to make correct weld with the required quality and properties of single-pass welded 
(10mm) joint of S700MC steel with the hybrid plasma + MAG method. 

 The decrease in the average hardness in the joint depends on the linear welding energy - the joint 
made with a lower energy input was characterized by a smaller hardness decrease.  

 The impact toughness at the temperature of -30 °C measured in samples with notch in HAZ reaches 
very high values. This may be the result of a double heat cycle and a two-zone area formed in HAZ.  

The results presented in this paper broaden the knowledge about welding of S700MC high strength steel using 
hybrid plasma+MAG method. The use of steel with high yield strength allows both a reduction in the weight of 
the structure and the consumption of steel. The application of an innovative hybrid plasma+MAG welding 
method has a potential to become a beneficial alternative to other welding processes (including hybrid 
laser+GMA) due to its high efficiency, reduced the amount of weld metal content or limited requirements for 
precise preparation of the joint edges. Also, the investiga- tion results show that the use of plasma concentrated 
heat source together with MAG welding arc does not significantly change the structure and deteriorate proper- 
ties of welded S700MC thermomechanically treated high strength steel.  
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Abstract  

The T24 steel grade has been frequently used for the construction of membrane walls in modern power plant 
boilers. This steel grade has been developed with the intention of welding without post weld heat treatment. 
However, commissioning of new units of power plants into service revealed many defects in homogeneous 
T24 welds. Several remedial measures have been proposed. One of them represents annealing of boilers 
before putting them into service at 450 °C.   

This paper deals with characterization of microhardness and microstructure of homogeneous peripheral butt 
T24 welds after annealing at 450 °C for 48 hours and subsequent annealing at 530 °C for 10 hours. The results 
revealed that annealing at 450 °C led to a further increase of hardness in overheated parts of heat affected 
zones of homogeneous T24 welds. Subsequent short-term annealing at temperature of 530 °C, which 
corresponded to the typical temperature of boilers commissioning, caused a significant effect of secondary 
hardening in overheated parts of heat affected zones of homogeneous T24 welds. TEM investigations were 
carried out in order to explain this effect.   

Keywords: Homogeneous welds, T24 steel, microstructural stability, microhardness, annealing, TEM 

1. INTRODUCTION 

The heat resistant T24 steel grade (7CrMoVTiB 10-10) has been developed in Germany for welding without 
post weld heat treatment (PWHT). Research programmes were focused on quality of weldments manufactured 
by welding technologies using protective gas, creep properties and corrosion behaviour of welds and their 
thermal stability. Based on the results of qualification programmes, it was reported that thin wall weldments 
made of this steel grade can be used without PWHT. Tubes made of this steel are frequently used for 
construction of membrane walls in modern boilers for thermal power plants [1].  

However, start-up procedures of many new plant units across whole Europe have been accompanied by the 
formation of cracks in homogeneous T24 welds. The dominant mechanism of damage of these welds in the 
as-welded state (without PWHT) has been identified as hydrogen induced stress corrosion cracking 1. This 
type of cracking needs a synergy of three factors: corrosive medium, critical levels of internal stresses and 
high hardness in critical parts of welds, especially in overheated parts of heat affected zones (CG HAZ) of 
base materials and in weld metal. Cracks can be oriented parallel or longitudinal to the axis of welds. Cracks 
can be transcrystalline as well as intercrystalline. They are initiated on the side of a contact of welds with water 
environment. Cracks usually form in the HAZ of the weld root and spread across the HAZ and weld metal 
towards the outer surface of tubes 2.   

Welding is accompanied by fast dissolution of fine particles of minor phases in the HAZs of base materials 3. 
In the state after welding these parts of welds as well as weld metal are oversaturated by strong carbide and 
nitride forming elements. Re-precipitation of fine carbides and nitrides of titanium and vanadium occurring at 
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temperatures above ca 500 °C could result in harmful secondary hardening. From this point of view some 
authors believe that cracks in homogeneous T24 welds are rather annealing cracks 3. Special measures 
have been developed and implemented to reduce the risk of homogeneous T24 welds damage: annealing of 
boilers at 450 - 500 °C before commissioning, reduced oxygen content in water (below 20 ppm) and steam, 
increased pH value of water, no chemical cleaning of T24 parts, optimization of a start-up procedure and a 
special repair concept for homogeneous T24 welds 2. 

The aim of this paper is to characterize changes in hardness and microstructure in critical parts of 
homogeneous T24 welds after several regimes of low temperature annealing, closely related to recommended 
start-up procedures of boilers. It is expected that annealing of boilers at 450 °C could reduce internal stresses 
in welds in the as-welded state. However, oversaturation of solid solution in the HAZs and in weld metal should 
be largely preserved. In these parts of welds we can expect secondary hardening effect during the subsequent 
commissioning of power plant blocks at temperatures of ca 530 - 560 °C. This could facilitate the formation of 
annealing cracks. 

2. EXPERIMENTAL MATERIAL AND TECHNIQUES 

Investigations were carried out on circumferential butt welds of T24 tubes with the diameter of 43 mm and the 
wall thickness of 6 mm. Chemical composition of T24 tubes is stated in Table 1.   

Table 1 Cast analysis of T24 steel, mass % 

C Mn Si P S Cr Mo V Ti 

0.08 0.60 0.25 0.016 0.002 2.43 0.99 0.23 0.093 

Quality heat treatment of T24 tubes was as follows: 1000 °C/1 hour/ air + 760 °C/6 hours/ air. 

TIG welding technology (method 141) was applied for the production of welds. Preheating temperature was 
150 - 200 °C and interpass temperature was 200 °C. Wire made of a W Z CrMo2VTi steel (Union I P24) was 
applied as a filler material. Welds were formed by three beads. In the as-welded state microhardness of the 
base material reached about 200 HV0.2 4. The peak of microhardness was observed in the HAZ, especially 
in the CG HAZ, where the maximum value reached 404 HV0.2. Microhardness of bainite in weld metal moved 
around 350 HV0.2. Microstructure in all parts of the weld corresponded to bainite.  In the CG HAZ a small 
fraction of martensite could be present.      

Experimental activities were focused on the following specimens: Specimen A: after annealing at 450 °C/ 48 
hours and Specimen B: after annealing at 450 °C/48 hours + 530 °C/10 hours. Hardness and microstructure 
evaluation were carried out on longitudinal sections through weldments. Profiles of microhardness HV0.2 were 
measured with a step of 0.5 mm in the middle thickness of weldments. Microstructure characterization was 
carried out using a light microscope Olympus GX51. Microstructure was revealed by etching in a 4 % Nital 
solution. Precipitation in the CG HAZ was characterized using carbon extraction replicas on a transmission 
electron microscope JEM 2100. Energy dispersive microanalysis (EDX) was used for characterization of minor 
phases.   

3. RESULTS AND DISCUSSION 

3.1. Microhardness profile 

Figure 1 shows macroetching of the specimen B. As evident, the width of the HAZs is several millimeters. 
Microhardness HV0.2 profiles across the welds in specimens A and B are shown in Figures 2 and 3, 
respectively. In the specimen A, the critical level of hardness (i.e. ca 350 HV) was exceeded in the HAZ, 
especially in the CG HAZ, where it locally exceeded 400 HV0.2 4.  
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Figure 1 Macroetching of the homogeneous T24 weld, specimen B   

 

Figure 2 Microhardness HV0.2 profile across the specimen A 

 

Figure 3 Microhardness HV0.2 profile across the specimen B 

3.2. Microstructure evolution 

3.2.1. Specimen A 

Microstructure of the base metal (BM) consists of heavy tempered bainite. Minor phases present in the matrix 
after quality heat treatment were identified as M23C6, M7C3 and MX 3. At the peak temperature of the welding 
cycle all particles of minor phases dissolved in austenite, except for coarse MX particles rich in titanium. The 
prior austenite grain size in the CG HAZ reached the value of G = 5, while in the base material it was G = 7, 
Figures 4a and 4b 4. During cooling of the weld, austenite in the CG HAZ decomposed on bainite and a 
small fraction of microstructure was probably formed by martensite. Products of austenite decomposition in 
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this part of the HAZ were oversaturated by alloying elements. This creates preconditions for secondary 
hardening of T24 welds during subsequent annealing.  

In the fine grained part of the HAZ (FG HAZ) temperatures during welding cycle were above Ac3, but 
significantly lower than in the CG HAZ. In this part of the weld minor phases present in the initial microstructure 
of BM dissolved only partly. In the FG HAZ austenite decomposed to bainite which was partly oversaturated 
by alloying elements. In the intercritical region of the HAZ (IC HAZ) the initial microstructure transformed to 
austenite only partly and the fraction of dissolved precipitates was lower than that in the FG HAZ. 
Heterogeneous microstructure of the FG HAZ consisted of heavy tempered ferrite and islands of bainite formed 
by decomposition of austenite. As-cast microstructure of the weld metal was bainitic. Light microscopy did not 
reveal any visible changes in the weld microstructure after annealing of the specimen A at 450 °C.   

   
a)       b) 

Figure 4 Microstructure of the base material - heavy tempered bainite, b) microstructure of the CG HAZ - 
bainite and martensite, specimen A   

     
a)                                                                                   b) 

Figure 5 Precipitation in the CG HAZ, carbon extraction replica, specimen A, a) MX particles, b) MX particles 
and needles of cementite 

Precipitation in the CG HAZ was studied using TEM. Thermal simulations of the CG HAZ indicated that during 
the welding thermal cycle all precipitates in T24 BM dissolved, except for coarse titanium rich MX particles 3. 
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Figure 5a shows very fine precipitates that were present in the CG HAZ of the specimen A. Using EDX analysis 
it was proved that these particles were rich in titanium and contained variable amounts of molybdenum. 
Chemical composition of typical particles is shown in Table 2. Such particles correspond to the MX phase. 
Furthermore, needles of cementite were present in bainite, Figure 5b. These needles probably precipitated 
during annealing at 450 °C, globular cementite particles were part of bainite. Increase in microhardness HV0.2 
in the CG HAZ after annealing at 450 °C for 48 hours can be attributed to precipitation of fine particles from 
the supersaturated solid solution.  

Table 2 Results of semiquantitative EDX analyses of fine precipitates, mass % 

No. Ti V Cr Fe Mo 

1 38.9 13.3 3.2 2 42.6 

2 65.5 4.6 1.1 8.3 20.5 

3 40.4 13.3 2.1 2.2 42 

Note: interstitial elements were not taken into account - results were normalized to 100 % 

Neutron diffraction investigations on internal stresses in the specimen A revealed that annealing at 450 °C was 
accompanied by only a small reduction of the peak of axial stresses in the CG HAZ (from ca 300 MPa to ca 
250 MPa), dislocation density in this area remained nearly the same as in the as-welded state 5.  

3.2.2.  Specimen B 

Light microscopy investigations on the specimen B after annealing at 450 + 530 °C did not reveal any 
observable changes in the microstructure. Figure 6a shows typical coarse grained microstructure of the CG 
HAZ. TEM analysis of the CG HAZ again revealed fine precipitation of titanium rich particles MX, Figure 6b. 
Furthermore, particles of cementite were present in the CG HAZ. No other minor phases were detected. 

Neutron diffraction investigations on internal stresses in the specimen B revealed that annealing at  
450 + 530 °C was accompanied by a small reduction of the peak of axial stresses in the CG HAZ (from ca  
300 MPa to ca 200 MPa), dislocation density in this area decreased due to recovery of the bainitic ferrite 5. 
However, the results of microhardness evaluation prove that a reduction of transformation hardening in the 
CG HAZ was eliminated and exceeded by precipitation hardening.  

     
a)                                                                                   b)  

Figure 6 a) Microstructure of the CG HAZ, b) TEM micrograph of precipitation in the CG HAZ, specimen B  
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4. CONCLUSION 

The results prove that preliminary annealing of T24 homogeneous welds at temperature of 450 °C for 48 hours 
did not prevent significant secondary hardening during subsequent annealing at 530 °C - at the beginning of 
commissioning of power plant units. Annealing at 450 °C also did not lead to a significant decrease of internal 
stresses in welds. Evaluation of hardness and microstructural characterization revealed that short-term 
annealing at 530 °C was accompanied by recovery of bainite in the CG HAZ but this decline in transformation 
hardening was eliminated and exceeded by a significant contribution of precipitation hardening. The results 
obtained confirm the presumption that secondary hardening may play a significant role in the formation of 
cracks in homogeneous T24 welds.  
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Abstract 

This work presents the results of plasma electrolytic hardening of steel 20Cr2Ni4A. The optimal electrolyte 
composition for electrolytic-plasma hardening of steels containing 20 % sodium carbonate and 20 % urea has 
been determined. As a result, a modified layer was obtained on the surface of steel with increased hardness 
and wear resistance. In this case, the basis of the material does not change, it consists of a ferritic-pearlitic 
structure, i.e. the part retains its viscous core, and the surface layer contains carbide particles. The presence 
of carbide particles in the surface layers has a positive effect on the performance properties of the parts, since 
small carbides keep the products from abrasion. 

Keywords: Electrolytic plasma, surface hardening, steel, microstructure, wear resistance 

1. INTRODUCTION 

One of the effective methods of surface hardening is electrolytic-plasma treatment, which has recently been very 
actively introduced into the industry. The main advantages of this method of processing are: high efficiency 
reaching 85 % [1,2], a considerable depth of hardening from a few micrometers to ten millimeters, possible 
implementation on simple equipment. It presents an attractive and flexible process for technical applications due 
to the lack of size limitations and geometric shape, shorter processing time, less environmental impact and lower 
temperature compared to conventional plasma processes [3-6]. It is possible to produce hardening, chemical-
thermal and thermal-cyclic processing of materials which depending on the heating mode, electrolyte 
composition, design parameters of the equipment. The last decade is actively studying the effect of electrolyte-
plasma nitriding, cementation and carbonitriding on the structure and properties of steels [7-11]. Nevertheless, 
many physical processes are still not well understood, for example, phase transformation processes during 
electrolytic-plzmennoy surface hardening and their influence on tribomechanical properties. The use of plasma 
electrolytic hardening (PEH) technology for surface hardening provides high-strength modified layers due to the 
high cooling rate and the absence of decarburization and oxidation processes. This is ensured by the fact that 
the treatment process is carried out in an electrolyte based on a carbon-containing aqueous solution [12-14]. 
Present work is devoted to the study of the effect of the PEH process on the structure and properties of steel 
20Cr2Ni4A, which is used to make gears, wheels and their rims, as well as other heavy duty parts [15]. Steel 
20Cr2Ni4A are practically not hardened in the traditional way. Such steels are cemented or carbonitrided and 
then only heat treated. PEH allows obtain hardened surface layers on the surface of such low-carbon steels, 
without additional heat treatment. The use of rapid heating, which helps to obtain a finer structure of hardened 
steel, makes it possible to obtain a more favorable combination of strength and toughness properties. The heating 
rate has a significant effect on the size of the recrystallized grain, since its increase the number of recrystallization 
centers grows faster than the growth rate of the centers. This leads to the grinding of grain. Short-term stay of 
steel in the area of quenching temperatures and phase transitions at temperatures exceeding the equilibrium, 
lead to mechanical properties that differ from the properties of steel, hardened with heating from traditional heat 
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sources [16]. In this regard, the study of the features of changes in the structure and tribomechanical properties 
of steel 20Cr2Ni4A after PEH is of great scientific and practical interest. 

2.  MATERIAL AND RESEARCH METOD 

As the object of study structural alloy steel 20Cr2Ni4A (PN-72 / H-84035) was selected. The choice of material 
is due to the fact that this steel is widely used in mechanical engineering for the manufacture of gears, wheels 
and their rims. Samples for the study were cut in the form of parallelepipeds with dimensions of 15 x 15 x 10 mm 
from a rod, heat-treated in the factory (GOST 4543-71). Table 1 presents the chemical composition of the 
investigated steel. 

Table 1 Chemical composition of steel 20Cr2Ni4A (GOST 4543-71) 

Steel name C Si Mn Ni S P Cr Cu 

20Cr2Ni4A 0.16-0.22 0.17-0.37 0.3-0.6 3.25-3.65 Up to 0.025 Up to 0.025 1.25-1.65 Max. 0.3 

PEH of steel samples was performed on the unit IEPPM-M (installation for electrolytic-plasma processing of 
materials - modernized), which was designed and manufactured by the authors at the Research Center "Surface 
Engineering and Tribology" of S. Amanzholova EKSU [9-11]. The PEH process was carried out in an electrolyte 
from an aqueous solution containing 20 % sodium carbonate and 20% urea in the following mode: the applied 
voltage between the anode and the sample - 320 V, the current density - 25 A/cm2, and the plasma exposure 
time - 2 s. In this mode, the samples were heated to ~ 850-900 °C. Cooling was carried out in a flow-through 
electrolyte when the voltage was turned off. A general and schematic view of the installation is shown in  
Figure 1. 

 

Figure 1 - General and schematic view of the installation IEPPM-M. 1 - personal computer; 2 - power 
supply; 3 - nozzle for electrolytic-plasma processing (plasma torch); 4 - working bath; 5 - the mechanism for 

clamping and installing the part or sample; 6 - electrolyte tank; 7 - pump 

The surface morphology of samples treated with PEH was studied using an “ALTAMI-MET-1M” optical 
microscope. To identify the microstructure, chemical etching of thin sections in a 4 % alcohol solution of nitric 
acid was used (etching time 10-15 s). The microstructure and elemental composition of the sample were 
examined on a JSM-6390LV scanning electron microscope (SEM), in addition with INCAEnergy energy 
dispersive microanalysis (EDM). 

The research of phase composition of the samples was carried out by X-ray diffraction analysis on an X’PertPro 
diffractometer using CuKα radiation. The microhardness of the samples was measured by the method of 
indentation of the diamond indenter on the device PMT-3M in accordance with GOST 9450-76, with a load of 
100 g and an exposure under load of 10s. Tribological tests on sliding friction were carried out on a high-
temperature THT-S-BE-0000 tribometer at the Tomsk Materials Sharing Center of Tomsk State University using 
the standard “ball-disc” method (ASTM G 133-95 and ASTM G 99) [4]. The test scheme is shown in Figure 2. 
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Figure 2 - Tribological testing of samples according to the “ball-disk” scheme 

As a counterbody a ball with a diameter of 6 mm from certified material - Al2O3 was used. The tests were carried 
out with a load of 1 Н and a linear velocity of 2 cm / s, a radius of curvature of wear of 5 mm, the friction path was 
31.4 m. The tribological characteristics of the modified layer were characterized by wear rate and coefficient of 
friction. The wear tracks were studied using the contactless 3D profilometer of MICROMEASURE 3D station. 

3.  RESULTS AND DISCUSSION 

Figure 3 shows the microstructure of steel 20Cr2Ni4A before and after EPU. Metallographic analysis showed 
that steel 20Cr2Ni4A in the initial state consists of a ferritic-pearlitic structure. Perlite makes up ~ 10 % of the total 
volume. The average grain size of ferrite is ~ 97 m. Martensitic structure is formed after the PEH. 

   

Figure 3 Microstructure of steel surface 20Cr2Ni4A before (a) and after EPU (b) 

 

Figure 4 The microstructure of the cross section (a) and the microhardness distribution over the depth (b) of 
steel 20Cr2Ni4A after PEH 

Figure 4a shows an optical micrograph of a cross section of a sample after PEH. It can be seen that the 
fragment of the near-surface layer has a fine-grained structure, passing to a larger structure of the intermediate 
layer and further to the base. The thickness of the modified layer is approximately 600-650 microns. The 
microstructure can be divided into 3 zones: 1 - zone of intense structural transformations, hardened layer; 2 - 
heat affected zone; 3 - zone having the structure of the original matrix. Figure 4b shows a graph of the change 
in microhardness over the depth of a sample treated with PEH. Microhardness data confirmed the formation 
of a martensitic structure. It can be seen a significant increase in microhardness near the surface. The nature 

a b 

sample 
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of the transition zone has a smooth transition from the hardened layer to the base, while the microhardness of 
the transition zone is slightly less than the base, and the microhardness of the base does not change.  
Figure 5 shows the results of tribological tests of samples of steel 20Cr2Ni4A according to the “ball-disk” 
scheme. The wear resistance of the images was characterized by the intensity of wear and the volume of wear 
of samples of steel 20Cr2Ni4A before and after the PEH. It can be seen from Figure 5a that the treated 
samples show a low wear rate as compared with the original sample. From Figure 5b it is clear that the 
samples show a low amount of wear compared to the original sample, which indicates an increase in wear 
resistance of steel after PEH. 

 
Figure 5 Wear rate and wear volume of steel 20Cr2Ni4A before and after PEH 

 

Figure 6 Fragment track image of the initial (a), processed (b) sample and the graph of the change 
of samples friction coefficient of 20Cr2Ni4A steel (c) 

We took photos of the tracks of wear of samples of steel 20Cr2Ni4A with the help of a profilometer (Figure 6).  
It can be said that the depth of the sample track after PEH (Figure 6b) is significantly less compared to the 
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untreated sample (Figure 6a) assessing the wear resistance of the samples based on the geometrical 
parameters of the wear tracks. The shape of the irregularities in general proves once again the improvement 
in the tribological characteristics of the test sample. Figure 6c shows a graph of the change in friction 
coefficient during the test. The measurement results showed slight changes in the friction coefficient. 

The phase and elemental composition of the hardened surface layers in comparison with the original sample 
without treatment were investigated to clarify the structural features that affect the microhardness and wear 
resistance of steels. Figure 7 shows the X-ray diffraction patterns of steel 20Cr2Ni4A in the initial state  
(Figure 8a) and after a PEH of 2 seconds duration (Figure 8b). X-ray phase analysis showed that the 
diffractograms contain α-phase lines and weak cementite reflections (Fe3C). The formation of oxide phases 
after PEH was not detected within the resolution of the X-ray phase analysis method. 

 

Figure 7 X-ray diffraction patterns of 20Cr2Ni4A steel: initial condition and after PEH for 2 s 

PEH of the surface of samples of 20Cr2Ni4A steel was carried out before and after PEH with the aim of 
identifying the changes in the elemental composition of the surface (Figure 8). The analysis showed that after 
EPU with heating for 2 s, bright crystals (carbide particles) are observed on the surface of steel 20Cr2Ni4A 
(Figure 8b). However, no significant changes in the elemental composition of the material surface are 
observed after PEH. 

 

Figure 8 Results of X-ray microanalysis of the surface of steel 20Cr2Ni4A before (a) and after PEH (b) 

a 

b 
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Thus, conducted research has shown that the EHP method can be used as a method of hardening low carbon 
20Cr2Ni4A steel. PEH due to 2 s in an electrolyte containing 20 % sodium carbonate and 20 % urea, allows 
you to get hardened surface layers on the surface of low carbon steel without additional heat treatment. PEH 
ensures the achievement of the technical and economic effect through the use of simple equipment, not 
expensive aqueous solutions, reducing the processing time, also in the result of increasing the wear resistance 
and microhardness of 20Cr2Ni4A steel. 

4.  CONCLUSION 

1) A modified layer with a thickness of 600 - 650 μm containing cementite (Fe3C) was obtained by methods 
of PEH on the surface of steel 20Cr2Ni4A, while the base material does not change and it consists of a 
ferritic-pearlitic structure. The presence of carbide particles in the surface layers has a positive effect on 
the performance properties of the parts, since small carbides keep the products from abrasion. 

2) It is shown that PEH for 2 s increases microhardness and wear resistance by 2 times. It was found that 
EPU reduces surface roughness besides of increasing the hardness of the surface layer, which leads 
to a decrease in friction during operation, and hence an increase in its durability. 
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Abstract  

The combustion of fuels plays an important role in the field of industry and power engineering. Circulating 
fluidized bed combustion (CFBC) is a clean technology and also it is a convenient method of energy production 
from a wide range of fuels. The present paper reports the results of the authors' investigation focused on the 
analysis of heat resistant steel samples from one of the Polish circulating fluidized bed boilers. The anchors 
were degraded during boiler operation and lost their mechanical durability. To determine the reasons for 
anchors degradation the materials were subjected to microstructural analysis using a light microscope, 
scanning microscopy Joel JSM 5400 equipped with EDS. In the case of the investigated anchor samples, the 
formation of a large number of hard and chromium-rich intrusions was determined. The reason for material 
problems as incorrect positioning of the anchors in the refractory material was determined.  

Keywords: Circulating fluidized combustion, anchor failure 

1. INTRODUCTION 

Recently, more attention is put to the fluidized bed combustion technology [1] mainly due to its numerous 
advantages, such as the ability to accept various fuels, low emission of NOx, and high combustion efficiency. 
There are three basic types of fluidized bed combustion boilers (see Figure 1):  

 Bubbling fluidized bed boilers with atmospheric pressure, A-BFB or BFB,  
 Pressurized bubbling fluidized bed boilers, PBFB,  
 Circulating fluidized bed boilers with atmospheric pressure, A-CFB or CFB, and pressurized circulating 

fluidized bed boilers, PCFB. 

In the CFB boiler, the combustion process takes place in an oven where the temperature is maintained at 
around 850 - 860°. In the fluidized bed boiler, the refractory materials are used to minimize wall erosion, isolate 
uncooled elements and help protect steel elements. Refractory materials are used in: the bottom wall of the 
combustion chamber, the roof of the combustion chamber outlet, loop seals, start-up, channel burner, cyclone, 
and external fluidized bed heat exchangers. These materials are in place thanks to anchors welded to the ribs 
of the membrane wall. The main task of the anchoring system is to provide high mechanical durability of the 
refractory, which is responsible for high protection against erosion and corrosion. The anchor failures easily 
leads to damage to the refractory wall cladding [2]. Failure of the anchoring system can have several causes, 
e.g. improper anchor design, improper use of material, incorrect parameters boiler, not enough anchors per 
square foot of refractory. Failures also result from rapid or incorrect heating and cooling of the refractory 
material during boiler operation. This causes the irregular expansion and contraction of the refractory material, 
which results in cracking or flaking. Anchor system failure on walls and roofs will result in the weight of the 
refractory to pull itself away and result ultimately in cracking and collapse.  These failures may result from the 
irregular thickness of the material, the improper use of expansion joints, or the improper use of refractory layers 
[3]. 
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Figure 1 Basic types of fluidised bed combustion boilers 

The anchors must be made of heat and corrosion-resistant materials [4-6] because, in CFB boilers, it can be 
exposed to high temperatures during equipment operation. If carbon steel is used in this case, the anchor will 
certainly fail due to harmful microstructure changes and accelerated corrosion. 

The obtained results may be also useful in other apparatus parts working in aggressive, sometime high-
temperature environments e.g. biotechnology [7-9] or produced at high-temperature impulse impacts e.g. laser 
machining [10-12]. The obtained datasets may inspirational as a source of reliable data for many computational 
analysis methods e.g. image analysis [13,14], bootstrap numerical simulations [15,16] and - especially for 
industrial developments - decision support systems [17] and possible failure analyses [18-20], in the context 
of lean management [21] and sustainable development [22]. 

2. MATERIALS AND METHODS 

The tested anchors were obtained from one of the Polish CFB 75 MWe coal boilers. An example and shape 
of anchors is seen in Figure 2.  

     

Figure 2 Macroscopic appearance of the investigated anchor samples 
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The refractory material was damaged because all anchors lost their mechanical properties and came off the 
membrane wall. The failure of the anchor system on the walls caused the weight of the refractory material to 
break away and cracks were formed. 

To analyse the causes of cracking and damage to anchors, several analysis were performed. Macroscopic, 
microscopic, and chemical analysis of the anchoring system was performed using an Axiovert 25 optical 
microscope from Carl Zeiss, a JEOL JSM-6610LV scanning microscope with a LaB6 cathode.    

3. RESULTS AND DISCUSSION 

Fractography of fractures of anchor elements obtained by the scanning microscope is shown in Figure 3. 

    

    

Figure 3 The cross-section view of the damaged anchor 

Fractographic studies confirmed macroscopic observations. Sediment formed as a result of boiler operation 
was revealed on the fracture surfaces. The fractures showed features of brittle fracture.  

In the next stage of research, metallographic specimens were made, which were etched to observe the 
microstructure of the steel from which the anchors were made. The microstructure of steel in the places of 
cracking of the anchors is shown in Figure 4 (light microscope - LM) and Figure 5 (scanning microscope-
SEM). 

Austenitic steel structure with very numerous precipitations of the second phase located mainly on grain 
boundaries was revealed in the elements which broke in a brittle manner without prior narrowing of the material 
as well as in the case of the element that underwent plastic deformation before cracking. 
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Figure 4 Microstructure of the damaged anchor - LM - different magnifaciations 

   

Figure 5 Microstructure of the damaged anchor (less and greater magnification) - SEM 

 

Element Weight (%) Atomic (%) 

C K 2.58 10.84 

Si K 0.47 0.85 

Cr K 23.14 22.45 

Mn K 2.32 2.13 

Fe K 52.49 47.41 

Ni K 18.99 16.32 

Total 100.00  

Figure 6 Chemical composition of the samples 

Figure 6 and Figure 7 show the results obtained by EDS analysis, performed in the damaged anchor. Analysis 
of the chemical composition of the samples indicated that the steel anchors are made of heat-resistant 
stainless steel AISI 310 (X15CrNiSi25-20). The steel has an austenitic structure and is designed to work in 
particularly high temperatures according to PN-71 / H-86022, EN 10095. Analysis of the breakthrough revealed 
an increased number of sigma precipitates in the damaged anchors. Those sigma precipitates contributed 
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directly to the formation of cracks and damage of the anchors since the sigma phase is an intermetallic phase 
that is hard and chromium-rich and its presence in the steel structure causes the significant drop of the 
resistance of the steel against impacts or mechanical loadings. 

 

Element Weight (%) Atomic (%) 

Si K 0.18 0.34 

Cr K 43.00 44.84 

Mn K 1.73 1.70 

Fe K 47.20 45.83 

Ni K 7.89 7.29 

Total 100.00  

Figure 7 Chemical composition of the samples 

4. CONCLUSIONS 

The microstructure analysis of the anchor elements revealed an austenitic structure and numerous 
precipitations of the sigma -FeCr fragile phase located mainly on the austenite grain boundaries, whose 
presence was confirmed by microstructure and chemical composition studies. Long-term heating of AISI 310 
steel (in the temperature range 500-900°C) is not recommended due to the risk of increased brittleness and 
the formation of a hard and brittle phase of intermetallic sigma. It was found that the reason for the anchors 
cracking was the way they were placed in the cladding layers. The anchor pin was placed in a layer of heat-
resistant concrete and was subjected to loads and deformations. This was related to, among others, thermal 
expansion of all materials during boiler operation. 

In further investigation, the more detailed methods will be used, among others surface layer scanning and 
analysis [23], analysis of materials additives [24] and more sophisticated methods of data analysis [25-28]. 
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Abstract 

Currently, heat treatment is the most common and effective method for changing the properties of metals and 
their alloys. Ferrous alloys most often are heat treated and the most commonly used process of heat treatment 
is the quenching. At quenching the final structure and material’s properties are formed during the fast cooling 
process. Therefore, the correct choice of cooling conditions is critical for quality of quenched parts. The 
simulation of quenching is one of the modern approaches for researching the cooling processes. In order to 
obtain reliable results, the correct input data for simulation are crucial. It is commonly accepted that the heat 
transfer coefficient (HTC) plays most significant influence on the simulation results. Meanwhile in the 
specialized literature there are quite different values of HTC even at equal cooling conditions and a few data 
regarding its influence on the simulation results. The aim of this paper is to determine to what extent the results 
obtained after simulation of quenching processes are influenced by HTC. Samples of different dimensions and 
ratios between length and diameter (L/D), made of medium carbon steel (C45 EN 10083), were studied. 
Results for the influence of HTC together with geometry of the quenched parts, especially samples with 
different ratio length/diameter (L/D), are presented in the article. 

Keywords: Quenching simulation, heat transfer coefficient, cooling ability 

1. INTRODUCTION 

The modern processing of metallic materials is inconceivable without heat treatment. The use suitable heating 
and cooling conditions gives a possibility for significant change in materials properties, depending on their 
application and the requirements made to them. It is well known that the final structure after the heat treatment 
process is formed during the cooling stage; this stage is therefore of particular importance for the quality of 
heat treated products. However, despite the work of numerous researchers on the problem, the cooling stage 
is still the main reason for unsatisfactory products quality after heat treatment, especially in processes requiring 
accelerated cooling. An advanced approach to solve the complex problem for cooling conditions selection is 
to reveal the relationship between the object being cooled, the cooling media and the formed structure in the 
bulk of the object, through simulation of cooling processes. A basic prerequisite for reliable simulation results 
are the correct input data. These data can be classified in three groups:  

1) geometry and thermophysical properties of the object being cooled;  

2) heat transfer coefficient (НТС); 

3) relationship between the cooling rate and the resulting structure and properties - Time Temperature 
Transformation (TTT) or Continuous Cooling Transformation (CCT) diagrams. 

Though the information about the influence of the values of heat transfer coefficient on the final simulation 
results is insufficient, it is commonly accepted that among the input data these values are the key factor 
determining the correctness of predicting the simulation results. Moreover, if the information for CCT diagrams 
is not gathered in real experiments, the correctness of their prediction should not be underestimated as the 
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final result regarding the structure and properties is considerably influenced by the position of the predicted 
cooling curves on the CTT diagrams. 

There are different approaches for HTC determination as most commonly used are Lumped-heat-capacity 
method [1-6] and Temperature gradient method [5-15]. A feature of these methods is the need for initial 
information about how the temperature changes with time at one or several points in the bulk of the object 
being cooled. Different researchers use specimens of different materials with different shapes and dimensions; 
this difference in the specimens inevitably influences the registered cooling curves and therefore, it influences 
also the results for HTC. There are also other methods for HTC determination such as using the results of 
Jominy test [16-18] or using the determination of the current coolant temperature - calorimetric method [19,20]. 
A review of the available researches done by different authors demonstrates there are significant differences 
in the values and temperature distribution of HTC for same quenchants e.g. water. 

The present work aims to examine and evaluate the influence of heat transfer coefficient data on the simulation 
results for hardenability and mechanical properties obtained after quenching simulation of rotationally 
symmetrical products of medium carbon steel. 

2. METHODOLOGY 

The influence of the heat transfer coefficient (HTC) on the quenching simulation results was determined using 
Simufact specialized software and its module Heat Treatment [21]. The input data for the continuous cooling 
transformation curves that, when combined with the cooling curves, gave information on the microstructure 
and hardness of the used in the simulation steel were determined using JMatPro specialized software [22]. 

For material modelling, medium carbon steel for quenching and tempering С45 (EN 10083) was used. The 
chemical composition of C45 according to EN 10083-2:2006 and the used for the material modelling chemical 
composition are shown in Table 1. In the specialized literature it is recommended C45 to be quenched from 
temperatures of 820...860 °C. In the present study, temperature of 860 С has been used for quenching 
simulation. The objects used in the simulation were cylindrical. The diameter D and the L/D ratio between 
length L and diameter D of the objects are shown in Table 2.  

Table 1 Chemical composition of C45 (wt%) 

Composition 
C 
 

Si 
 

Mn 
 

P 
 

S 
 

Cr 
 

Mo 
 

Ni 
 

Cr + Ni + Mo 
 

According to EN 10083 0.42-0.5 <0.4 0.5-0.8 <0.045 <0.045 0.4 <0.1 <0.4 <0.63 

Used for prediction of CCT 
diagram from JMatPro 0.45 0.2 0.6 0.030 0.030 0.1 - 0.1 0.2 

Table 2 L/D ratios and diameter of heat treatment simulated objects (all dimensions are in mm) 

L/D = 0.1 L/D = 2 L/D = 5 

D = 300 D = 400 D = 30 D = 55 D = 80 D = 30 D = 55 D = 80 

The simulations of quenching were done using data for HTC from different sources [1,6,21,23] (Figure 1). 

Using simulations with HTC values from the above mentioned different sources results for hardness 
distribution, depth of hardening and critical diameter Dcrit where 50 % of martensite is formed were obtained. 
According to [24] in quenched steel, containing 0.45 % carbon the semi-martensitic zone with 50 % of 
martensite should have a hardness of 45 HRC. Thus, hardness value of 45 HRC was accepted as a criterion 
for depth of hardening and Dcrit. 
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Figure 1 Values of HTC for water proposed by different researches and used for the quenching simulations 
[1,6,21,23] 

3. RESULTS AND DISCUSSION 

Figure 2a and 2b show the results for hardness distribution within the bulk of the studied objects after 
quenching simulations using HTC for water according to [21]. The used in these simulations objects were with 
dimensions D = 300 mm, L/D = 0.1 and D = 55 mm, L/D = 5. In our work were registered and analysed hardness 
results only in a plane normal to the axis of the object, at a distance of ½ the length L. It is known that in 
products with low L/D ratio cooling through the frontal planes is considerable. Thus, the change in hardenability 
when using different values for HTC should be larger in planes parallel to the longitudinal axis, while the 
influence of the cooling through frontal planes on hardenability of products with L/D ratio greater than four can 
be considered insignificant. 

a) 

b) 

Figure 2 Hardness results predicted with Simufact HTC and: a - diameter of 300 mm and L/D ratio 0.1;  
b - diameter of 55 mm and L/D ratio 5 
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Graphical representations of the simulation results are presented only for objects with L/D = 5 and diameters 
D = 30 mm and D = 80 mm (Figure 3) as the size of this report is restricted. Simulation results for the 
hardenability of all studied objects are summarised in Table 3 as a function of HTC values, diameters and L/D 
ratios. 

According to Figure 3a and Table 3 the simulation results for the objects with diameter of 30 mm demonstrate 
that at the chosen conditions (D, L/D ratio, HTC values), regardless of the used HTC values, full hardenability 
of objects is to be expected. At greater diameters in all used here heat treatment simulated objects, according 
to the obtained in simulations hardness values, martensite will be formed only up to a certain depth  
(Figure 3b and Table 3) but not over the whole section of the objects. It is worth noting that differences in the 
hardness values and hardenabillity obtained in the simulations using Shorin HTC and Narazaki HTC were not 
detected (Figure 3 and Table 3). As it is visible in Figure 3 at larger values of HTC (Shorin and Narazaki) the 
simulation results do not diverge while lower HTC values (Simufact and Hunkel) result in a considerable 
difference in the predicted hardness and hardenability depth. 

  
a) b) 

Figure 3 Predicted hardness as a function of distance from the surface (hardness profile) in objects with  
L/D = 5 and: a) D = 30 mm; b) D = 80 mm 

At L/D ≥ 2 the maximum difference in depth of hardening is not more than twice, despite the large differences 
in the input HTC values, and at the larger diameter of 80 mm it decreases (Table 3). 

Table 3 Influence of HTC and L/D ration on the distance from the surface to semi-martensitic zone 

  (all dimensions are in mm) 

Used HTC values 
according to 

Distance from the surface to semi-martensitic zone, mm 

L/D = 0.1 L/D = 2 L/D = 5 

D=300 D=400 D=30 D=55 D=80 D=30 D=55 D=80 

Shorin HTC 19.6 10.2 -* 12.2 9.8 -* 12 9.5 

Narazaki HTC 20.5 10.6 -* 11.8 9.6 -* 11.5 9.4 

Simufact HTC 13.7 8 -* 9.2 7.8 -* 9.0 7.5 

Hunkel HTC 7.3 4.9 -* 6 5.5 -* 5 5.1 

*The heat treatment simulated objects obtain fully martensitic structure 

The critical diameters Dcrit from simulations with different HTC values was determined considering full 
hardenability is achieved when the hardness in the centre of the objects is not less than 45 HRC. According 
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to the hardness results obtained from the simulations (not presented here), the quenching simulation using 
Hunkel HTC gave a critical diameter of 32 mm, the simulation with Simufact HTC - a critical diameter of 36.5 
mm, and the simulations with Shorin HTC and Narazaki HTC - a critical diameter of 40 mm.  

The analysis of data on the HTC values, available in the the cited here literature, shows that the values of heat 
transfer coefficient proposed by Hunkel are close to those of high-speed quenching oils. Nevertheless, a large 
critical diameter of 32 mm do not correspond to the data form the industrial practice according to which the 
critical diameter for C45 when mineral oils are used for quenching is of 6...12 mm.  

4. CONCLUSION 

The values of heat transfer coefficient given in the specialized literature vary considerably. The difference in 
the maximum values of the used for the simulations values of HTC is up to 20 times. There is a significant 
discrepancy between the dependence of the heat transfer coefficient from different sources on the 
temperature. 

The results obtained from simulations with values of HTC from different sources demonstrate a wide 
divergence in hardenability depth and critical diameters for steel C45. Therefore, the correct choice of the HTC 
values will have considerable importance for the reliability of the simulations results. 

The increase in the HTC values has as a result an increase in the hardenability depth in a nonlinear correlation. 
The influence of HTC on the hardenability decreases as the values of HTC increase. 
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Abstract 

To predict kinetics of static recrystallization with account of recovery and resulting grain size in alloyed 
austenite, a quantitative model is developed. Physically motivated, the model relates activation energy of the 
process with that of bulk self-diffusion. The known dependence of the latter on chemical composition of 
austenite solid solution, established previously, essentially simplifies the modeling. Employed empirical 
parameters have been fitted to relevant data covering a wide range of chemical compositions (12 steels) and 
sizes of recrystallized austenite grains. The model satisfactorily complies with experiments on steels whose 
apparent activation energy of recrystallization varies from 146.1 to 308.1 kJ/mol. It is notable as well that this 
performance has been achieved with no direct allowance for the pinning of grain boundaries by solute atoms 
(solute drag effect). 

Keywords: Austenite, recrystallization, recovery, kinetics, modeling 

1. INTRODUCTION 

An important effect of static recrystallization on the austenite structure of hot rolled steels attracts a persisting 
interest [1-7]. To simulate this phenomenon, the Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation is widely 
applied. Predictions by related models [1,2,4] satisfactorily comply with experiments at high temperatures in a 
wide range of chemical compositions where all alloying elements are completely dissolved in austenite. At the 
same time, the KJMA equation hardly enables allowance for the recovery phenomenon that precedes and 
accompanies the recrystallization and thus consumes its driving force. Several attempts [5] have been 
undertaken to formulate physically based models simultaneously involving the recrystallization and recovery. 
Although promising results are achieved in this way, quantitative models of this type should be refined in order 
to predict the effect of chemical composition on recrystallization kinetics in austenite of complexly alloyed 
steels. 

According to physics of diffusional lattice rearrangements at moving boundaries of recrystallized grains, this 
energy should be comparable to that of grain boundary self-diffusion. The latter parameter, in turn, correlates 
with the energy of bulk self-diffusion (AESD). With allowance for the physically motivated correlation between 
AESD and the activation energy of recrystallization, we will presume proportionality of these parameters where 
the former depends on chemical composition of steel [7]. This presumption has been previously verified [8] by 
successful modeling of the normal grain growth in austenite of complexly alloyed steels. 

The present paper formulates a model allowing for interacting processes of recrystallization and recovery. 
Empirical parameters of the model have been fitted to literature data as well as our experimental data on 
austenite recrystallization kinetics in steels of various compositions. 
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2. MODEL DESCRIPTION 

We determine first the so-called extended recrystallized volume ( )extX t : 

34
( ) ( )

3
ext rex rexX t N R t


  (1) 

rexN - volume density of nuclei, ( )rexR t - average radius of new grains in time t after they nucleated  

To evaluate velocity ( )rex

GV t  of moving recrystallized grain boundaries, the following expression is used: 

( ) ( )rex rex

G GB rexV t M P t  (2) 

( , )rex rex

GB GB AEM M T Y - recrystallized grain boundary mobility 

T - absolute temperate 

{ , , , ...}AE C Mn SiY y y y - set of average fractions of the sites of substitution and interstitial sublattices 

occupied, respectively, by the atoms of substitution alloying elements and carbon 

( )rexP t - driving pressure (force) of recrystallization 

With equation (1) kept in mind and the form-factor of the order of unity included in rexN , the extended 

recrystallized volume takes the form: 

3

0

( ) ( )

t

rex

ext rex GB rexX t N M P d
 

   
 
  (3) 

The actual recrystallized volume fraction ( )X t  is expressed in terms of ( )extX t  as follows: 

 ( ) 1 exp ( )extX t X t    (4) 

An appropriate estimate for the driving pressure is: 

2( ) 0.5 ( )rex dP t b t    (5) 

( )d t - dislocation density, - shear modulus, b - Burgers vector magnitude 

The distribution of dislocations in constitutive grains of a deformed polycrystal is generally non-uniform. 
Specifically, their density near grain boundaries significantly exceeds that in grain cores. Accordingly, for the 
dislocation density in equation (5) we use: 

  1

1 1 2( ) ( ) 1 exp ( )d d d d dt t X t        (6) 

( )d t - average dislocation density calculated with allowance for recovery, 
1 2, 0d d   - empirical 

parameters 

Based on the general dependence for the dislocation contribution to work hardening ( )t , calculated here 

with allowance for recovery (see equations (11), (12)), we use expression: 

2

( )
( )d

t
t

M b

 
      

 (7) 
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M 3.1 - Taylor factor,  �  0.15  

The temperature dependence of the shear modulus is here evaluated according to [5]. 

As noted above, the model assumes nucleation of recrystallized grains at initial grain boundaries of austenite. 
Thus, according to [5], the volume density of such nuclei takes the form: 

* 2

0

( 0)rex rex
rex

P t
N

D

 
  (8) 

0D - average diameter of initial austenite grains, *

rex - empirical parameter  

With *

rex  including the geometrical factor of the order of unity in equation (8), we estimate the average grain 

size in the recrystallized structure as follows: 

1/ 3

rex rexD N  (9) 

When considering recrystallized grains, mobility of their boundaries is treated like that in the normal grain 
growth [9]:  

  0

( ) ( )
; exp exp

rex rex
rex rex GG AE GG AE
GB AE

g g

S Y Q Y
M T Y M

R R T

   
       

   
 (10) 

( )rex

GG AEQ Y and ( )rex

GG AES Y - activation energy and entropy of the grain growth, 0

rexM - empirical parameter, 

gR - gas constant 

According to [8], activation entropy proportional to the corresponding energy will be treated with fitting 

parameter ,GG  i.e. ( ) ( ).GG AE GG GG AES Y Q Y   Present model presumes that ( ) ( ),rex rex

GG AE GG SD AEQ Y Q Y   where 

( )SD AEQ Y  is AESD in solid solution of complexly alloyed austenite calculated according to [7] and rex

GG  is an 

empirical parameter. 

According to [9], the recovery responsible for the material softening is ascribed first to gradual annihilation of 
dislocations, i.e. reduction of their density. This effect is expressed by: 

2

3 2

64 ( ) ( )( )
exp sinh

9 ( )

d rec rec

g B

t v U t Vd t

dt M E T R T k T

    
         

 (11) 

recU and 
recV - activation energy and activation volume of the recovery process, 

Dv - Debye frequency 

set to be 2 x 1012 s-1, ( ) 2.6 ( )E T T  - Young modulus, 
Bk - Boltzmann constant  

To integrate equation (11), the following initial condition is used:  

( 0) yt      (12) 

 - deforming stress of austenite, dependent on temperature and plastic strain rate according to [7] 

0.2y   - yield stress of austenite similarly calculated at its plastic strain of 0.2%  
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3. MODEL CALIBRATION AND DISCUSSION OF MODELING RESULTS 

Model parameters were found while assuming that atoms of all alloying elements are completely dissolved in 
austenite. All the parameters are fitted to wide experimental data on austenite recrystallization in a wide range 
(12 steels) of chemical composition listed in Table 1. The table involves both the authors’ results (steels S8-
S10) and literature data [1-4,6]. 

Table 1 Chemical composition (wt%) of steels employed in model calibration 

Steel С Mn Si Cr Ni Mo Nb V Ti Ref. 

S0 0.17 0.74 0.01 − − − − − − [3] 

S00 0.05 1.88 0.04 − − 0.49 0.048 − − [6] 

S1 0.11 0.55 0.26 − − − − − − 

[1,2,4] 

S2 0.53 0.71 0.21 − − − − − − 

S3 0.42 0.79 0.27 − − 0.18 − − − 

S4 0.44 0.79 0.23 − − 0.38 − − − 

S5 0.11 1.32 0.24 − − − 0.070 − − 

S6 0.12 1.10 0.24 − − − − 0.07 − 

S7 0.15 1.25 0.27 − − − − − 0.017 

S8 0.08 1.47 0.20 − − 0.19 0.042 0.06 0.010 
Own 

results 
S9 0.04 1.90 0.25 0.11 0.45 0.31 0.051 0.02 0.020 

S10 0.11 0.36 0.23 0.39 1.91 0.31 0.011 0.01 − 

To determine an important parameter *

rex , equation (9) for the recrystallized grain size has been fitted to 

experimental data on steels S0 [3] and S00 [6]. The resulting *

rex  8.6 x 10-4 m2 N-2 satisfactorily complies 

with these data covering practically significant ranges of temperature and strain degree of austenite. Other 
parameters have been fitted to wide data on austenite recrystallization kinetics in steels S1-S10 at relatively 
high temperatures where atoms of all alloying elements are in solid solution. Parameters of equation (10) for 

the boundary mobility are rex

GG  0.64, rex

GG  4.33 x 10-4 K-1 and 
0M  5.4 x 10-11 m3 s-1 N-1. Besides, 

recU 

248000 J/mol and 
recV  35b3 are used for the recovery activation energy and activation volume, respectively. 

Kinetics of austenite recrystallization in steels S1-S10, as well as corresponding experimental data are 
represented in Figures 1a-h evidencing that derived parameters provide good prediction power of the model 
in a wide range of temperature (900÷1150 ºС), chemical composition (Table 1), initial grain size (30÷190 µm) 
and deformation conditions (ε = 0.20÷0.35; dε/dt = 0.5÷3.6 s-1). 

Note that obtained rex

GG  0.64 confirms, as expected, that effective activation energy ( )rex

GG AEQ Y  for migration 

of recrystallized grain boundaries is comparable to that for the grain boundary self-diffusion. The range of 
chemical composition where the model displays good performance corresponds to a significant variation of 

( )rex

GG AEQ Y  between 146.1 kJ/mol (S2) and 308.1 kJ/mol (S9). It is remarkable as well that the considered 

activation energy suggests a novel approach to the grain boundary mobility depending on the chemical 
composition of austenite, provided alloying elements are completely dissolved. Specifically, unlike the classical 
model of «solute drag effect» [10] or the later «statistical solute-pinning theory» [11], the present model enables 
reasonable predictions with no explicit allowance for any pinning by solute atoms. This is rather surprising 
insofar as the considered steels contain high amounts of Mn, Mo and Nb to which the solute drag is commonly 
ascribed [6]. 
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Figure 1 Comparison of simulated recrystallization kinetic curves (a-g) for steels S1-S10 at different 
temperatures, sizes of the initial austenite grain (Dγ0) and deformation parameters (ε, dε/dt) to experimental 

data (symbols), and comparison of model predictions to actual recrystallized fractions (h) (<δ> is a magnitude 
of the average relative error) 
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4. CONCLUSIONS 

A physically motivated model is formulated to predict the static recrystallization kinetics of austenite and the 
resulting grain size in complexly alloyed steels. The model simultaneously treats the interrelated phenomena 
of recrystallization and recovery. It is presumed that activation energy of the process is proportional to the 
activation energy of bulk self-diffusion, the latter being dependent on chemical composition of solid solution 
according to the previously established empirical expression. 

Empirical parameters of the model were fitted to an extensive database on the kinetics of austenite 
recrystallization for 12 steels with a wide range of chemical composition in the case of complete dissolution of 
alloying elements including microalloying ones. 

As shown in this work, the proposed model of austenite recrystallization complies well with experiments on 
numerous steels in a wide range of temperature, chemical composition, initial grain size and deformation 
conditions. The process activation energy in the considered range of chemical compositions vary by more than 
two times (146.1 to 308.1 kJ/mol). An interesting property of the model is that good correspondence to 
experimental data is achieved with no explicit allowance for the boundary pinning by dissolved atoms although 
the treated steels contain Mn, Mo and Nb to which the pronounced solute drag effect is commonly ascribed. 

ACKNOWLEDGEMENTS 

This work was supported by the grant from the Russian Science Foundation  

(project No. 19-19-00281). 

REFERENCES 

[1] MEDINA, S.F., MANCILLA, J.E. Influence of alloying elements in solution on static recrystallization kinetics of hot 
deformed steels. Iron and Steel Institute of Japan International. 1996, vol. 36, no. 8, pp. 1063-1069. 

[2] MEDINA, S.F., MANCILLA, J.E. Static recrystallization modelling of hot deformed steels containing several 
alloying elements. Iron and Steel Institute of Japan International. 1996, vol. 36, no. 8, pp. 1070-1076. 

[3] SUN, W.P., MILITZER, M., HAWBOLT, E.B., MEADOWCROFT, T.R. Austenite grain refinement and growth 
during the thermomechanical processing of steels. In: Chandra T. et al. (ed.) Thermec'97. Warrendale: TMS. 
1997, pp. 685-691. 

[4] MEDINA, H.S., QUISPE, A. Improved model for static recrystallization kinetics of hot deformed austenite in low 
alloy and Nb/V micro-alloyed steels. Iron and Steel Institute of Japan International. 2001, vol. 41, no. 7, pp. 774-
781. 

[5] ZUROB, H.S., HUTCHISON, C.R., BRECHET, Y., PURDY, G. Modelling recrystallization of microalloyed 
austenite: effect of coupling recovery, preсipitation and recrystallization. Acta Materialia. 2002, vol. 50, pp. 3075-
3092. 

[6] SARKAR, S., MOREAU, A., MILITZER, M., POOLE, W.J. Evolution of austenite recrystallization and grain growth 
using laser ultrasonics. Metallurgical and Materials Transactions A. 2008, vol. 39, pp. 897-907. 

[7] VASILYEV, A.A., SOKOLOV, S.F., KOLBASNIKOV, N., SOKOLOV, D.F. Effect of alloying on the self-diffusion 
activation energy in γ-iron. Physics of the solid state. 2011, vol. 53, no. 11, pp. 2194-2200. 

[8] VASILYEV, A.A., SOKOLOV, S.F., SOKOLOV, D.F., KOLBASNIKOV, N. Modeling of grain growth kinetics in 
complexly alloyed austenite. Letters on Materials. 2019, vol. 9, no. 4, pp. 419-423. 

[9] VERDIER, M., BRECHET, Y., GUYOT, P. Recovery of AlMg alloys: flow stress and strain-hardening properties. 
Acta Materialia. 1999, vol. 47, no. 1, pp. 127-134. 

[10] CAHN, J.W. The impurity-drag effect in grain boundary motion. Acta Metall. 1962, vol. 10, no. 9, pp. 789-798. 

[11] HERSENT, E., MARTHINSEN, K., NES, E. A solute pinning approach to solute drag in multi-component solid 
solution alloys. Modeling and Numerical Simulation of Material Science. 2014, vol. 4, no. 1, pp. 8-14. 

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

512 

SMALL PUNCH TESTING OF THICK WALLED PIPE MADE OF THE STEEL P92 WITH 
HETEROGENEOUS MICROSTRUCTURE 

1Zdeněk KUBOŇ 

1MATERIAL AND METALLURGICAL RESEARCH Ltd., Ostrava, Czech Republic, EU, 

creep.lab@mmvyzkum.cz 

https://doi.org/10.37904/metal.2020.3512 

Abstract 

The paper deals with the small punch testing of material properties including short-term creep resistance and 
microstructure analysis a thick-walled pipe made of P92 steel, where metallographic analysis revealed 
numerous internal defects, especially close to the inner surface of the pipe. These defects had their origin in 
the shrinkage porosity of the continuously cast slab and remained in the microstructure probably due to 
insufficient deformation during pipe rolling. The local material properties at the both inner and outer surfaces 
were compared by metallography, tensile tests, hardness tests, Charpy-V notch tests as well as small punch 
and small punch creep tests. The obtained results are compared with the material requirements for P92 steel 
and an attempt is made to evaluate the possible influence of the inhomogeneity of the microstructure and 
properties on the long-term service life of the pipe under creep conditions.  

Keywords: Steel P92, heterogeneous microstructure, mechanical properties, internal defects, small punch  
creep tests 

1. INTRODUCTION 

In mid-2018 started the solution of the TK01020160 project " Complex procedures of material engineering to 
ensure the safe operation of innovated blocks of fossil power plants" within the THÉTA funding programme, in 
which participate four companies (MMV Ostrava, ČEZ, ÚAM Brno and UJP Praha). One of the main goals of 
this project is material research aimed at obtaining a database of properties of newly used materials with a 
special focus on creep, fatigue and brittle fracture of boiler tubes and steam pipes, their welds and other critical 
components of power boilers. Knowledge of these material data, together with the appropriate procedure for 
their evaluation, will enable to better manage the reliability and use of system resources. 

One of these materials used mainly for USC boiler steam pipelines and headers is steel P92 (X10CrWMoVNb 
9-2). It is one of the most commercially successful martensitic creep-resistant steels, which also achieves the 
highest long-term proven heat resistance among them [1]. However, for the demanding operating parameters 
of USC steam boilers, it means that the wall thickness of a steam pipe can even be about 100 mm. The most 
common metallurgical practice in thick-walled pipes production is piercing and pilgrim rolling from continuously 
cast slabs means that the initial dimensions of a slab are not very different from the final product. Martensitic 
heat-resistant steels are self-hardening, which means that the cooling rate and the choice of cooling medium 
do not have such a significant effect on the formation of martensite and its properties. Then, the final material 
characteristics of a very thick-walled pipe can be negatively affected by the inhomogeneity of the structure and 
the presence of internal defects due to the small degree of deformation, residues of the original dendritic 
structure, including dilutions. 
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2. EXPERIMENTAL MATERIAL AND PERFORMED ANALYSES 

Verification of the material characteristics of the P92 steel steam pipe used in 660 MW USC boiler in Ledvice 
power plant was performed in the frame of the TK01020160 project. The nominal dimensions of the pipe were 
ID = 350 mm and WT = 80 mm and it was tested in the as-received state, i.e. after normalizing and tempering. 
Its chemical composition, including the nominal values specified in ČSN EN 10216 2 [2], is stated in Table 1.  

Table 1 Chemical composition of steel P92 (wt%) 

Element C Mn Si P S Cr W Mo V Nb N Al B 

Pipe 0.10 0.41 0.20 0.013 0.004 8.74 1.66 0.48 0.18 0.050 0.056 0.001 0.0020 

P 92 
(EN) 

0.07 -
0.13 

0.30 -
0.60 ≤0.50 max. 

0.020 
max. 
0.010 

8.5 - 
9.5 

1.5 - 
2.0 

0.3 - 
0.6 

0.15 -
0.25 

0.04 -
0.09 

0.003 -
0.007 ≤ 0.020 0.001 -

0.006 

A complex analysis of the material properties of this pipe included verification of mechanical strength at 
laboratory and elevated temperatures, performance of Charpy V-notch tests in the temperature interval that 
enables to construct of the brittle- ductile transition curve, measurement of hardness profile over the wall 
thickness, microstructure analysis and also small punch creep tests. 

3. MICROSTRUCTURE AND MECHANICAL PROPERTIES 

Metallographic analysis confirmed the tempered martensitic structure of the pipe (see Figure 1), but also 
revealed that there were clusters of dilutes in nearly the entire cross section of the pipe wall. Their occurrence 
was more frequent at the inner surface of the pipe and, as can be seen in Figures 2 and 3, the size of these 
clusters was in the order of millimeters. In order to confirm that the suspected objects were indeed dilutes, they 
were studied by scanning electron microscope in topographic contrast (TOPO) in the mode of back scattered 
electrons. The rounded shapes of the original dendrites were clearly visible inside the individual dilutes as can 
be seen in Figure 4. 

The results of the metallographic analysis inspired us to extend the testing program by comparative tensile 
tests performed at room temperature and at a temperature of 600 °C on test specimens located just below the 
outer and just below the inner surface. These results are summarized in Table 2 together with a comparison 
with the requirements specified in ČSN EN 10216-2. 

Table 2 Mechanical properties at outer and inner surface of the pipe 

Temperature +20 °C 600 °C 

Sample 
Rp0.2 

(MPa) 
Rm 

(MPa) 
A5 

(%) 
Z 

(%) 
Rp0.2 

(MPa) 
Rm 

(MPa) 
A5 

(%) 
Z 

(%) 

Inner surface 481 651 27.4 69.6 280 294 22.1 89.5 

Outer surface 484 645 26.6 72.2 292 306 21.9 89.5 

P 92 (EN) ≥440 620 - 850 ≥17.0 - ≥248 - - - 

As can be seen from the results in Table 2, the difference between the mechanical properties of the two pipe 
surfaces at room temperature is only in megapascals and does not exceed 5 % at 600 °C either. Thus, it can 
be concluded that there is practically no difference in mechanical properties between the both surfaces. 
Nevertheless, when compared the strength of the tested pipe with the requirement for mechanical properties 
of P92 steel stated in the material standard, it is clear that particularly the value of the ultimate tensile strength 
of the evaluated pipe is very close to the lower limit of the required interval stated in [2]. 
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Figure 1 Microstructure of the pipe  Figure 2 Dilutes close to the inner surface of the pipe 

  

Figure 3 Cluster of dilutes  Figure 4 Dilutes observed in TOPO contrast of SEM 

The hardness does not change significantly from the outer to the inner surface, too, as is illustrated in Figure 5. 
The minimum hardness was measured near the outer surface of the pipe, then hardness increased again and 
the maximum was reached at a depth of about 55 mm below the outer surface. From this point it decreased 
again towards the inner surface, but the total difference in hardness throughout the whole wall thickness was 
less than 30 HV. 

 

Figure 5 Hardness profile HV 10 through the wall thickness 
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4. CHARPY V-NOTCH IMPACT TEST RESULTS 

Charpy V-notch impact tests for determining brittle-to-ductile transition temperature were originally performed 
on test specimens with a V-notch in the transverse direction, and test specimens were machined from the area 
below the outer surface. After detecting defects in the structure, other test specimens were made to compare 
the properties of both surfaces. The orientation in the longitudinal direction was chosen with respect to the 
pipe geometry, where the plane of crack propagation in the test specimens corresponded to the expected 
direction of defect growth through the pipe wall thickness. The results of Charpy V-notch impact tests showed 
high values of impact energy of the pipe at room temperature, and did not confirm the expected difference in 
it between outer and inner surface, see Table 3. The brittle-to-ductile transition temperature (FATT) 
determined from test results in the transverse direction is also stated in Table 3 and showed expected value 
under 0 °C. The fracture surface of all test specimens was mostly transgranular and ductile with sporadic 
islands of brittle intercrystalline fracture, see Figure 6. 

Table 3 Impact energy at room temperature and FATT temperature 

Pipe surface 
Impact energy at +20 °C 

(J) 
FATT 
(°C) 

Inner 169, 166, 169 
-9 

Outer 160, 166, 197 

  

Figure 6 Fracture surface of Charpy-V notch test in longitudinal direction close to inner surface of the pipe 

5. CREEP RESISTANCE 

With their size in the order of small tens of micrometers, the observed defects could be attributed to the 
interconnected cavities or chains of cavities. From the viewpoint of the safe use of this pipe it is of course very 
interesting to find out whether, when and how the presence of these a priori defects influences the creep 
resistance of the pipe. The original stress rupture testing program of conventional bulk test specimens was 
performed in order to verify whether the creep resistance of the pipe fulfils requirements specified in the 
material standard. Test specimens for these stress rupture tests were machined from the entire cross section 
of the pipe and tested at temperatures 600, 625 and 650 °C.  The results of stress rupture tests are shown in 
Figure 7. As the fracture times of the finished tests are still relatively short, the Larson-Miller parametric method 
was used for the comparison of results and their interpretation in the form [3]: 

DEF 	 % ∙ �H > log�(��              (1) 

where T is the temperature in Kelvin, t is the time to fracture in hours. 
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The value of Larson-Miller constant C = 26.8 was calculated using the least squares method from the results 
reported for steel P92 in the tube/pipe standard ČSN EN 10 216-2. The experimental results of stress rupture 
tests are in Figure 7 compared to the mean value of the creep rupture strength of steel P92 that is represented 
in this figure by the solid line, while the dashed line represents the allowed -20 % deviation from this mean 
value. This comparison clearly showed that the results of performed stress rupture tests of this steam pipe lay 
below the mean value, but practically all of them were in the deviation band -20 % around it. The empty symbols 
in this figure represent still running test specimens that will further refine the initial estimation of the long-term 
creep resistance of this pipe. 

 

Figure 7 Results of stress rupture tests shown as stress dependence on Larson-Miller parameter PLM 

Whereas by using the standardized stress rupture tests it is not possible to test narrowly located areas at pipe 
surfaces, small punch creep tests allow to prepare test specimens very close to the pipe surface. In order to 
assess the actual creep properties near both surfaces, this testing program was extended to small punch creep 
tests (SPC tests) [4, 5] for which test specimens were prepared close to both outer and inner surfaces. All SPC 
tests were performed at 650 °C and the results for either the inner either the outer surfaces are stated in  
Figure 8 and Figure 9 in the form of dependence of time to rupture and minimum deflection rate on load. It 
seems that material taken below the outer surface has a bit higher creep resistance compared to that from the 
inner surface. On the other hand, the load dependence of minimum deflection rate forms the straight single 
line regardless of the place from which the material was sampled. 

  

Figure 8 Dependence of time to rupture on 
loading 

Figure 9 Dependence of minimum deflection rate on 
load 
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6. DISCUSSION OF RESULTS 

The presence of cluster of defects in the thick-walled pipe is most likely related to the low level of steel 
deformation during hot rolling of such a thick-walled pipe, especially in the case when the initial semi-finished 
product is a continuum casted slab. The occurrence of dilutions is usual and acceptable in the case of castings, 
but it is not common for them to occur in such numerous clusters, but they are typically randomly distributed 
in the structure, which eliminates their negative effect on the material properties of steel. In the monitored case, 
not only there were numerous dilutions detected in the wall of the pipe, but locally their accumulation was 
considerable and, in terms of size, these groups of defects have already reached the level of microcracks. The 
analysis of mechanical, fracture and short-term creep properties of a thick-walled pipe has not yet shown any 
influence of the existence of clusters of dilutions in the structure on any of the material characteristics. It is not 
yet possible to reliably determine whether and how much these dilutions represent a real danger, especially 
by a localized decrease in the heat resistance of the pipe, because the results of stress rupture tests completed 
so far reached only more than thousand hours. In such still short-term results the most significant role in creep 
deformation is still played by dislocation strengthening of the microstructure and the role of precipitation 
strengthening is suppressed. In the short-term creep tests, transgranular fracture also predominates, while in 
the long term tests, the character of the fracture changes into intergranular and creep damage is controlled by 
cavitation and is therefore concentrated at grain boundaries. Creep crack propagating through such a 
weakened region will be probably faster and thus will approach the critical size for the occurrence of a sudden 
unstable fracture sooner. In a softened and relaxed microstructure after long-term creep exposure, a similar 
defect can significantly accelerate the consumption of creep life and reduce the operation safety of a respective 
part of a boiler. 

7. CONCLUSION 

The identified clumps of diluents in the structure of the thick-walled pipe made of P92 steel may pose a 
potentially serious risk to the safety and reliability of the boiler operation in the future. Therefore, the diagnostic 
pipeline should be given increased diagnostic attention in the future, especially in the period approaching the 
end of the designed service life. At present, within the solution of the mentioned project, other works are being 
carried out focused on the determination of fracture toughness and conditions of crack growth under dynamic 
stress. 
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Abstract 

Modern scanning electron microscopy (SEM) allows observations of specimens with high surface sensitivity. 
The surface sensitivity is significantly affected by the accelerating voltages. With the development of the 
scanning electron microscopy, the requirements for the surface quality of samples increase. Metallographic 
methods originally intended for light microscopy become insufficient. The problem occurs especially with 
multiphase materials having a fine-grained structure. The investigated TRIP steel consists of a ferritic-bainitic 
matrix, retained austenite and martensite phases. The sizes of the smallest phases are nanometer units. The 
volume of residual austenite was determined by X-ray diffraction. The basic preparation of all tested samples 
involved conventional metallographic grinding and very fine mechanical polishing. One sample was analysed 
in this state. Other samples were subsequently chemically polished, electropolished and chemical-
mechanically polished. The specimens were observed in the SEM using a SE and a BSE detector at low 
energies immediately after the preparation. An EBSD was performed in the same areas to characterize the 
retained austenite. Topographical imaging by special AFM, integrated into the SEM, demonstrated that the 
mechanical polishing results in surface deformation and residual austenite is transformed. All other methods 
have their specifics and for modern sensitive SEM instruments it is necessary to optimize individual 
procedures. 

Keywords: TRIP steel, metallography, SEM, EBSD, AFM 

1. INTRODUCTION 

Multiphase steels, including TRIP steels, excel in their mechanical properties and find application in many 
sectors, such as the automotive industry. The uniqueness of these steels is mainly due to their multiphase 
internal structure, which allows us to obtain a suitable combination of different properties, such as achieving 
high strength and good ductility. Studying the microstructure of such materials is very difficult, especially 
concerning the differentiation of phases. The microstructure of this steel is usually composed of ferrite (50-60 
vol.%), bainite (25-40 vol.%), residual austenite, and martensite [1]. The essence of the processes in 
strengthening TRIP steels is the phase martensitic transformation, which is stress assisted or strain-induced. 
Austenite regions take over the load under the action of external stress and transform it into martensite, which 
is further deformed. The deformation of martensite is homogeneous in the temperature range Ms and Md. This 
means that it is not concentrated in a certain area, but is evenly distributed throughout the volume [2]. The 
popularity of scanning electron microscopy in metallography is based on the substantial progress made by the 
developers of SEM instruments in recent years. There are several advantages such as high resolution, large 
depth of field, and a wide magnification range. The surface sensitivity of the modern scanning electron 
microscopes has high demands on sample preparation. It is necessary to prepare a sample without 
deformations and significant topography. Sample preparation for an electron back-scattered diffraction (EBSD) 
is considerably more difficult than for conventional SEM due to the very low penetration depth of the primary 
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electrons. It ranges from 20 to 370 nm (depending on the material). Chemical etching is not generally 
recommended for the EBSD characterization because of the rough surface topography, which is very 
disruptive after the specimen tilt. A thin deformed layer after mechanical polishing prevents the acquisition of 
good quality patterns and therefore the preparation must be improved [3]. This applies, particularly to the final 
polishing step. A chemical-mechanical polishing (silica) with longer times is often the last step of polishing. It 
is also advisable to reduce the rotation speed of the polishing machine and to reduce the pressing force to a 
minimum. Electropolishing is often the last step in the preparation of TRIP steels. 

The present paper shows the effect of the last polishing step on the Fe-0.17C-1.5Si-1.7Mn TRIP steel surface 
condition. The TRIP steel specimens prepared in various ways were imaged in SEM and the EBSD and atomic 
force microscopy (AFM) techniques were used as complementary imaging techniques. 

2. EXPERIMENTAL TECHNIQUES 

The retained austenite content was determined by an X-ray diffraction to 12.1 %. The 1 mm thick sheet of the 
examined material was cut into square samples of 9 mm side length. These samples were mounted in resin. 
The surface of samples was mechanically grinded and polished in several steps (Table 1). 

Table 1 Grinding and mechanical polishing parameters 

Medium 
Speed 
(rpm) 

Time 
(min) 

Load 
(N) 

Rotation Cooling 

220 diamond disc 300 3 35 co water 

500 diamond disc 300 3 30 co water 

1200 diamond disc 300 5 25 co water 

9 µm diamond suspension 140 5 25 co water based 

3 µm diamond paste 130 3 20 co isopropanol 

1 µm diamond paste 130 3 15 co isopropanol 

0.25 µm diamond paste 130 10 10 co isopropanol 

After mechanical polishing, the specimens were polished chemical-mechanically, chemically and 
electrolytically. One sample was observed only after mechanical polishing (Table 2). 

Table 2 Final polishing methods 

Sample Time Solution 

a) mechanical polishing 10 min 0.25 µm diamond paste, isopropanol 

b) chemical-mechanical polishing 3 h 40 nm SiO2 particles, pH 9.8, 60 rpm, 5 N, counter 

c) electropolishing 4 s 50 ml perchloric acid, 950 ml acetic acid, 40 V, 15 °C 

d) chemical polishing 10 s 5 ml HF, 95 ml H2O2 

Chemical-mechanical polishing uses nano-sized oxide polishing suspensions to remove the last deformations. 
One sample was polished with colloidal silica suspension in our experiment for 3 hours. The removal of material 
occurs due to the combination of the chemical reaction of the suspension with the sample surface and the 
continuous removal of the reaction products by the abrasive. The sample surface is often slightly attacked after 
this process and particles settle on the surface, but the process produces scratch-free and deformation-free 
layers [4]. 
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Another sample was prepared by electropolishing. Electropolishing conditions can be optimized in such a way 
that the surface is smoothed by removing any irregularities above 1 μm. This is followed by surface brightening, 
which is caused by the removal of all submicron irregularities up to approximately 0.01 μm. Electropolishing 
can completely remove the deform layer from mechanical grinding and polishing operations used in specimen 
preparation [3]. A solution of 50 ml perchloric acid and 950 ml acetic acid (40 V, 4 s, 15 °C) was used. The 
individual phases differ in their electrode potential and thus each phase also has different corrosion resistance. 
Different phases dissolve at different rates during the process. 

One sample was chemically polished. Chemical polishing is a process for obtaining the final surface by 
immersion in a suitable solution. It is a controlled corrosion process with many similarities to electropolishing. 
The polishing was made by immersing the specimen into the 5 % HF in H2O2 for 10 s. 

Samples were observed in a DualBeam FIB-SEM Helios G4 HP (Thermofisher Scientific) to obtain SE and 
BSE images immediately after preparation. The microscope was set at 1 kV accelerating voltage, 0.8 nA probe 
current, and the working distance of 7 mm. EBSD data were subsequently acquired from a Magellan 400 L 
SEM microscope (Thermofisher Scientific) equipped with an EBSD detector with Ametek-EDAX TEAM 
software at 20 kV, 1.6 nA, WD 9 mm and a step size of 70 nm. True topography of the sample surface was 
observed by unique AFM LiteScopeTM (NenoVision) integrated into SEM. The AFM-SEM connection enabled 
facile identification of the region of interest and simultaneous acquisition of surface morphology and material 
contrast. 

3. RESULTS AND DISCUSSION 

The true morphology of the surface condition after chemical-mechanical polishing, chemical polishing and 
electropolishing is represented by AFM images (Figure 1). The smoothest surface was achieved chemical-
mechanical polishing. We can see the path of the abrasive particles and no secondary phases. The largest 
height difference between the individual phases is evident from chemical polishing. Austenite was etched to 
the greatest depth. Electropolishing is characterized by a slightly corrugated surface. There is no significant 
height difference between phases. 

 

Figure 1 True surface morphology by AFM topography imaging: TRIP steel surface finished by chemical-
mechanical polishing, chemical polishing and electropolishing technique (from the left) 

Several metallographic techniques were used to prepare samples of TRIP steel and their SEM micrographs 
are shown in Figure 2. The surface of the samples was imaged on the impact energy of the primary beam of 
1 keV, which guarantees very high surface sensitivity. Higher surface sensitivity is evident in the images taken 
by the in-lens SE detector, while the images taken by the BSE detector exhibit material contrast. 

The first sample represents only a mechanically polished surface and, as can be seen, the secondary phases 
are not visible. The EBSD results show that the surface was deformed after mechanical polishing. All retained 
austenite was transformed into the martensite phase. In the case of chemical-mechanical polishing, one can 
observe a slight attack of the surface in the SE image. Contamination by colloidal silica is evident in the BSE 
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image. It is a common phenomenon observable in this method of sample preparation. The number of these 
particles adhered to the sample is supported by the long polishing time. Very fine phases of retained austenite 
can be detected in the EBSD phase map. In the SE and the BSE images of the chemically polishing specimen, 
one can distinguish the secondary phases due to their selective etching. The EBSD phase map demonstrates 
that the areas of retained austenite are traceable, but not to a greater extent. The image quality is worse than 
in the case of electropolishing and chemical-mechanical polishing, as demonstrated by the EBSD confidence 
index (CI) map. The middle way between those methods illustrates the results of electropolishing. The SEM 
images show that the ferrite matrix is equally etched and the secondary phases can be distinguished, as in the 
case of chemical polishing, but the surface quality is better. This confirms the proportion of retained austenite. 

 

Figure 2 SE and BSE micrographs of the specimens prepared by various metallographic techniques, 
together with corresponding EBSD maps (phase map, confidence index map) 

4. CONCLUSION 

In the present study, metallographic methods for the preparation of the TRIP steel samples are described. The 
sample preparation is crucial in order to obtain high-quality information about the phase composition of the 
examined material. The surface layer is deformed after mechanical polishing. Detection of retained austenite 
is impossible. Chemical-mechanical polishing with longer polishing times creates a very smooth surface, as 
confirmed by AFM topography, and suitable for the EBSD analysis. However, the surface is contaminated and 
the individual phases cannot be identified in SEM images. Chemical polishing is promising for the 
characterization of individual phases in SEM, but the process must be optimized in order to obtain reasonable 
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quality EBSD data. The electropolishing technique is suitable for the EBSD analysis but separation between 
austenite and martensite phases in SEM images is not possible. 

ACKNOWLEDGEMENTS   

The research was supported by Technology Agency of the Czech Republic (TN01000008). 

REFERENCES 

[1] LEHMHUS, D., BUSSE, M., HERRMANN, A.S., KAYVANTASH, K., ed. Structural Materials and Processes in 

Transportation [online]. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co., 2013 [cit. 2020-05-06]. Available 
from: DOI: 10.1002/9783527649846.  

[2] FREMUNT, P., PODRÁBSKÝ, T. Konstrukční oceli. Brno: CERM, 1996.  

[3] GEELS, K. Metallographic and materialographic specimen preparation, light microscopy, image analysis and 

hardness testing. West Conshohocken: ASTM International, 2007.  

[4] SAMUELS, L.E. Metallographic polishing by mechanical methods. 4. Materials Park: ASM International, 2003.  

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

523 

LASER CUTTING OF RARE-EARTH NdFeB PERMANENT MAGNETS 

1Igor BELYAEV, 1Dmitry SEROV, 1Andrey KIREEV, 2Alexandr KUTEPOV, 3Alexandr LYUKHTER, 
3Alexey ZHOKIN, 3Vladimir RYKOV, 4Natalia KOLCHUGINA 

1Vladimir State University named after A.G. and N.G. Stoletovs, Vladimir, Russian Federation,           

belyaev-iv54@yandex.ru 

2JSC RPA “Magneton”, Vladimir, Russia, sales@tdmagneton.ru 
3Vladimir Engineering Center for the Use of Laser Technologies in Mechanical Engineering, 

3699137@gmail.com 

4 Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, Moscow, Russia,  

imet@ultra.imet.ac.ru  

https://doi.org/10.37904/metal.2020.3514 

Abstract 

The possibility of laser cutting of rare-earth NdFeB permanent magnets is studied. An industrial Navigator KS-
5VDM1-3 laser complex (VNITER, Russia) is used. Blanks of sintered permanent magnets intended for cutting 
were 10, 4.5, 3, and 2 mm thick. The cutting was performed in air. The used cutting conditions ensure the 
cutting of a blank for one pass. The cutting rate was varied in wide range. The magnetic properties of studied 
blanks were determined via measuring the magnetization reversal curves recorded before and after cutting. 
Changes in the alloy structure during laser cutting were estimated by X-ray diffraction analysis. The decrease 
in the magnetic properties during laser cutting was found to depend on the blank thickness. The thinner the 
magnet blank, the lower the decrease in its magnetic properties. The causes for the decrease in the magnetic 
properties of NdFeB permanent magnet blanks during laser cutting are local changing the phase composition 
of alloy and decrease in the degree of texture of blanks. The losses of magnetic properties can be minimized 
by optimization of laser cutting conditions. 

Keywords: Rare-earth magnets, laser cutting, phase composition, magnetic properties 

1. INTRODUCTION 

Permanent magnets NdFeB are widely used in civil, special, and military equipment and in medicine as well. 
Among available industrially important permanent magnets, the NdFeB magnets exhibit the highest level of 
magnetic characteristics [1-3]. The preparation technology of these permanent magnets is multistage. 
Figure 1 shows a schematic diagram of the standard preparation technology of NdFeB magnets. 

 

Figure 1 Schematic diagram of standard preparation technology of sintered NdFeB magnets 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

524 

The manufacturing cost of NdFeB permanent magnets is rather high. To decrease the cost, many modern 
manufacturers realize incomplete (reduced) technological cycle. Such manufacturers purchase sintered 
magnet blanks (produced in other special plants) and begin the own production cycle from the mechanical 
treatment. Under these conditions, it is of interest to use the laser cutting of blanks since this cutting method 
exhibits the high performance and can be easily automatized [4,5].  

The present study is aimed at the investigation of the effect of laser cutting of sintered NdFeB magnet blanks 
on the magnetic properties of permanent magnets manufactured from these blanks. 

2. MATERIALS AND METHODS 

For the investigation, we used blanks of sintered textured permanent magnets; the alloy composition 
comprises 34 % Nd, 1.5 % Dy, 3 % Co, 1.15 % B and Fe - balance. The used blanks were in the form of plates 
2, 3, 4.5, and 10 mm in thickness. The blanks were subjected to laser cutting. After cutting, the obtained blanks 
have single cutting plane. Measurements of the magnetic properties were performed for all cut blanks. 
Simultaneously, the magnetic properties of blanks, which were not subjected to cutting, were measured. 

The laser cutting was performed using a Navigator KS-5VDM1-3 industrial laser complex (VNITER, Russia) 
equipped with a LS-3 ytterbium fiber laser with a capacity of 3 kW. A specially developed accessory was used 
to fix the blanks. In all cases, the capacity of laser radiation was 2 kW. The used cutting rate ensures the 
possibility to cut a blank in one pass. The alloy in the cutting zone was cooled with compressed air. 

The magnetic properties were measured via continuous recording magnetization reversal curves using a 
Permagraph C-300 setup (Magnet-Physik Dr. Steingrover GmbH, Germany).  

The phase composition of the alloy was studied by X-ray diffraction analysis using a D8 Advance diffractometer 
(Bruker AXS, Germany) and СuKα radiation. The X-ray diffraction patterns were processed using TOPAS 
software. The samples were studied before the treatment of them with laser irradiation and after the treatment 
(in this case, the cutting plane was studied). 

Table 1 Magnetic properties of sintered NdFeB blanks before and after laser cutting 

Sample 
thickness, mm 

Cutting rate 
mm/min Sample state 

Magnetic properties 

Br,T Hcb, kA/m Hcj,kA/m (BH)max, 
kJ/m3 

10 
 Before l/c 1.174 896.5 1779 263.1 

450 After l/c 1.052 746.8 1788 194.8 

4.5 

 Before l/c 1.178 906 1592 267.7 

1800 After l/c 1.171 818.5 1675 240 

2000 After l/c 1.09 782 1718 216 

2200 After l/c 1.17 844 1686 249 

3 

 Before l/c 1.2 918 1618 276 

3000 After l/c 1.15 826 1630 243 

4000 After l/c 1.13 816 1620 234 

2 

 Before l/c 1.2 914 1620 275 

5000 After l/c 1.12 823 1653 237 

7000 After l/c 1.14 833 1704 243 

Note: l/c corresponds to laser cutting 
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3. RESULTS AND DISCUSSION 

The cutting of blanks was accompanied by flashing; however, no pyroeffects were observed.  

The magnetic properties of cut blanks were measured. Simultaneously, magnetic properties of control blanks 
(which were not subjected to laser cutting) were measured. Table 1 shows the magnetic properties of blanks 
before and after laser cutting. 

As is seen from Table 1, all magnet blanks retain their magnetic properties after laser cutting, although the 
level of magnetic properties, except Hcj, decreases. The decrease in the magnetic properties depends on the 
blank thickness. The losses of magnetic properties as a function of the blank thickness are shown in  
Figure 2. 

 

Figure 2 Dependences of losses of the magnetic properties of NdFeB permanent magnets on the blank 
thickness during laser cutting 

The X-ray diffraction study of the blank surface after laser cutting showed that, under the action of laser 
irradiation in the cutting zone, changing the phase composition takes place. In the alloy layer adjacent to the 
cutting plane, the content of the main magnetic Nd2Fe14B phase decreases and iron and neodymium oxide 
inclusions appear. This is likely to be the main cause for the decrease in the magnetic properties during laser 
cutting of the blanks. The other cause for the decrease in the magnetic properties consists in the disturbance 
of the anisotropy of magnetic-crystalline structure (texture). This fact is indicated by the decrease in the 
squareness of magnetization reversal curve after laser cutting (Figure 3). 

It is seen from Figure 3 that the magnetization reversal curve (1) is characterized by the high squareness as 
compared to that of curve (2). The correlation between the squareness of magnetization reversal curve and 
degree of anisotropy of magnetic-crystalline structure (texture) is well known in the physical materials science 
[6,7]. 
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Figure 3 Magnetization reversal curves for NdFeB magnet blanks 4.5 mm thick (1) before and (2) after laser 
cutting at a rate of 2000 mm/min. 

4 CONCLUSION 

The laser cutting of compacted sintered blanks of NdFeB permanent magnets leads to the decrease in the Br, 
Hcв and (ВН)max magnetic parameters. The value of the decrease depends on the magnet blank thickness. 
The thicker the magnet blank, the higher the decrease in the Br, Hcв and (ВН)max values after laser cutting. 
However, on the contrary, the Нсj value increases.  

The causes for the decrease in the magnetic properties of the NdFeB permanent magnets after laser cutting 
consist in local changing the phase composition of alloy and decreasing the degree of anisotropy of magnetic-
crystalline structure of compacted sintered blanks. 

In order to realize the laser cutting of NdFeB permanent magnet blanks to 10 mm in thickness without 
significant decrease in their magnetic properties, it is necessary to optimize the technological conditions of 
laser cutting of the blanks. 
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Abstract 

A manufacturer of crankshafts uses steel stock purchased from several vendors. The steels differ in their 
behaviour during the manufacture of the crankshaft, although they are the same grade. Some steel stock 
batches were repeatedly associated with much faster wear of grinding wheels than others. What is more, the 
crankshafts also suffered damage in production. As a result, the cost of production increased to unacceptable 
levels.  

Titanium precipitates were suspected to be the cause of the grinding wheels going dull. Therefore, an 
investigation was carried out to determine in which phases the titanium addition is present. The quantities, 
sizes, distributions and morphologies of particles containing titanium were measured using image analysis. 
Finally, the data were correlated to the method of steel production, the vendor and the titanium content. 

Keywords: Image analysis, titanium particles, machinability 

1. INTRODUCTION 

The manufacturer of crankshafts purchases stock from several vendors. The steels from individual batches 
differ in their behaviour during finish grinding, despite being identified as the same steel grade. With some 
batches of steel stock, grinding wheels wore much faster than with others and required shorter intervals 
between redressing, which increased the production costs. When a dull grinding wheel is used for grinding a 
crankshaft, it causes damage to the surface. Crankshafts are made by closed-die forging and machining. 
Finally, local induction hardening and grinding is performed on those locations which will experience severe 
loads in service. After the grinding operation, some crankshaft series repeatedly exhibited surface damage. 
The surface became overheated which sometimes led to surface cracking. 

As the steel grade and the production route were identical for all crankshafts, the causes of these issues were 
investigated. One hypothesis was that the surface damage was due to excessive wear of grinding wheels 
caused by titanium-containing precipitates. This steel grade is alloyed with titanium in order to prevent grain 
coarsening during forging. The purpose of this investigation was to identify the phases in which titanium is 
present in this steel, to characterize the morphology, sizes and distribution of their particles and compare these 
aspects among the vendors. 

2. METHOD AND SCOPE OF EVALUATION OF TITANIUM-CONTAINING PARTICLES  

Titanium particles were characterized in eighteen specimens from six different vendors. All the specimens 
were from the same steel grade (Table 1). Titanium particles in the matrix were either isolated or found close 
to manganese sulphides (Figure 1). They were nitrides or carbonitrides. They also contained some vanadium 
and/or niobium (Figure 2).  

Generally, titanium combines with nitrogen and carbon to form highly-stable nitrides, carbides and 
carbonitrides [1,2]. Large cube-shaped TiN particles may precipitate as early as in the liquidus region. At 
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elevated temperatures, TiN particles are the most stable ones. They may form during the last solidification 
stage or just afterwards. The mechanism of this formation is segregation in interdendritic regions of the melt 
[3,4]. 

Table 1 Specified chemical composition of the steel grade supplied [wt%] 

Element C Si Mn P S Cr V Al N Ti 

Min 

Max 

0.32 

0.41 

0.15 

0.80 

1.20 

1.60 

 

0.025 

0.045 

0.065 

 

0.30 

0.08 

0.20 

0.010 

0.030 

0.010 

0.020 

0.015 

0.035 

 

 

Figure 1 Precipitates containing titanium and 
manganese sulphide inclusions 

 

Figure 2 Energy spectrum of titanium 
carbonitride collected by EDX 

Titanium-containing precipitates were studied using an optical microscope and the NIS Elements 3.2 image 
analysis software which is suitable for examination of titanium precipitates [5]. Longitudinal metallographic 
sections were prepared in identical locations of all crankshafts. Six regions were evaluated in each crankshaft. 
In each region, 100 micrographs were taken using Carl Zeiss - Observer.Z1m optical microscope. Analysis 
was then conducted on only 50 micrographs distributed in a chessboard-like manner. The area under 
evaluation was thus relatively large in order to reduce the influence of the non-uniform distribution of titanium 
particles in the material. The characteristics of interest included the area, circularity and number of titanium 
particles. For this evaluation the lower limit of a feature’s area was set at 1 µm2. This means that particles with 
an area smaller than 1 µm2 were excluded from the evaluation. The rationale was to eliminate artefacts (small 
regions of several pixels identified by possibly inaccurate thresholding) and keep the quantitative evaluation 
accurate. Using a scanning electron microscope, large numbers of titanium carbonitrides were revealed whose 
size was under 1 µm but they were excluded from the analysis. 

As mentioned above, the evaluation covered six regions in each crankshaft. In each of the regions, 
50 micrographs at magnification 500 were examined. In total, 300 fields of view were captured from each 
crankshaft for evaluation, comprising an area of 10.9 mm2. 

3. RELATIONSHIP BETWEEN TITANIUM CONTENT AND QUANTITY OF PARTICLES 

The prescribed range of titanium content for this material is 0.015 to 0.035 %. Some of the materials under 
examination had titanium levels of 0.020 ± 3 %, others had reduced titanium levels at 0.07 % and yet others 
had no titanium addition. Hence, the eighteen specimens were classified into three groups by their titanium 
content. In the first group, the titanium level was approximately 0.020 %. It comprised twelve specimens, 
becoming the largest group of the three. In the second group (four specimens), the titanium level was 0.007 %. 
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The third group had two specimens with titanium levels under 0.001 %, which is a negligible amount from the 
engineering viewpoint. 

The numbers of titanium particles vary greatly, even between specimens with similar or identical titanium 
levels. Results for the third group are not adequately relevant, as the group only comprised two specimens. 
Despite these limitations, average quantities of particles for individual groups, regardless of the vendor, were 
calculated (Table 2). 

Table 2 Calculated average quantities of titanium particles 

Group # Ti level [%] Average quantity of all 
particles 

Average quantity of 
particles sized > 10 µm2 

Average quantity of particles 
sized > 40 µm2 

1 0.02 475 48 3 

2 0.007 147 18 0.25 

3 < 0.1 7 2.5 0 

The difference between the titanium levels of 0.020 % and 0.07 % was reflected in the average quantities of 
all titanium particles: 475 and 147, respectively. Three times lower titanium content translated into 
approximately three times fewer particles. In the specimens with minimal titanium levels, the quantity of 
particles was negligible. 

When particles larger than 10 µm2 were considered, the results varied more significantly. In group 1 with 
titanium levels of 0.020 %, the average number of particles of this size was 48. In group 2, the average number 
of particles was 12. For particles sized above 10 µm2, the ratio of these numbers for groups 1 and 2 was four. 
The difference between quantities of particles of this size was greater than the difference in the titanium levels.  
In group 3, the quantity of particles was much smaller than in the previous two, 

The average number of particles larger than 40 µm2 in specimens of group 1 with 0.020 % titanium is 3. In 
group 2, only one such particle was found in one specimen, which makes 0.025. With particles larger than 40 
µm2, the number of particles changes much more steeply with the amount of titanium. In group 3, there are no 
particles of this size. 

 

Figure 3 Proportions of particles within intervals of circularity 
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4. PARTICLE MORPHOLOGY 

One of the particle characteristics evaluated in this investigation was morphology. For this purpose, six 
representative specimens were chosen from the entire set. The materials of specimens 1 and 2 (plotted in red 
in the graph) were produced by the basic oxygen process. The amount of titanium was about 0.020 %. 
Specimens 15 and 16 (data plotted in blue) were taken from electric furnace steels. Their titanium levels were 
approximately 0.020 %. Specimens 17 and 11 (green) were taken from electric furnace steels as well but their 
titanium level was 0.007% (Figure 3). 

Basic oxygen steels contained the largest proportion of particles with low circularity, i.e. with less favourable 
morphology. By contrast, electric furnace steels showed better morphology. Lower amounts of titanium were 
favourable because specimens with 0.007 % Ti had the highest share of particles with higher circularity. This 
is probably due to the absence of coarse particles which generally possess lower circularity (Figure 3). 

5. VARIANCE IN PARTICLE SIZE 

One of the parameters under examination was the maximum area of titanium particles in individual specimens. 
The same six specimens as in the preceding section were used for this measurement. 

The results are plotted in Figure 4. The graph shows the variance of maximum areas of particles for individual 
regions of measurement. The red points indicate the average maximum area in individual regions in different 
specimens. It is clear from the graph that the first four specimens, which contained approximately 0.020 % 
titanium, showed much larger variance than specimens 17 and 11 which only contained 0.007 % Ti. Even the 
averages of maximum values are lower in these specimens than in the previous ones. The main reason is the 
absence of very coarse particles in specimens with very low titanium levels. As stated above, the specimens 
with 0.007 % and less titanium are virtually free from particles sized above 40 µm2. In the chosen 
representative specimens, this limit is even less: 30 µm2. 

 
Figure 4 Variance of maximum sizes of particles in selected specimens 

6. EFFECT OF STEELMAKING METHOD 

Steels for crankshafts are produced using two processes. One is the basic oxygen process and the other takes 
place in electric furnaces. An analysis was conducted to identify the impact that the steelmaking process has 
on titanium particles. 
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All specimens from the above vendors which had the same titanium content, i.e. about 0.020 %, were 
considered. Average numbers of titanium particles were calculated for different sizes in steels from individual 
vendors and for different steelmaking methods. The findings are summarized in Table 3. 

In electric furnace steels, there are more particles, regardless of their size, for both vendors. However, above 
particle size 10 µm2 and 40 µm2, respectively, there is a change in the trend and more particles are found in 
basic oxygen steels. The conclusion is that electric furnace steels have better-sized titanium particles. These 
steels contain large numbers of particles overall, where these particles can impede grain growth. Besides, they 
contain fewer coarse titanium particles which have less impact on grain size. 

Table 3 Average numbers of titanium particles in different size intervals 

Production method Vendor Number of all 
particles 

Number of particles sized > 
10 µm2  

Number of particles sized > 
40 µm2 

Basic oxygen steel 
1 253.0 

448.1 
72.0 

51.6 
12.0 

3.4 
2 476.0 48.7 2.1 

Electric furnace steel 
3 552.0 

528.3 
54.0 

40.0 
2.0 

1.8 4 520.3 35.3 1.7 

7. EFFECTS OF METALLURGICAL PROCESS 

The sizes, amount, and distribution of particles are also governed by the quality of the metallurgical process. 
Specimens with the same titanium content exhibit marked differences in all titanium particle characteristics, 
which include specimens from the same manufacturers. One example is the comparison between specimens 
2 through 5 from vendor 2. All of them contain approximately 0.020 % titanium. Yet, with specimens 2 and 3, 
grinding wheels had to be redressed after grinding 30 to 50 crankshafts. On specimens 4 and 5, the number 
of crankshafts which were ground between redressing operations was 120. In specimens 4 and 5 (with good 
machinability), the number of particles was 14.3 % less than in specimens 2 and 3. This difference becomes 
even greater when particles with area of no less than 10 µm2 are considered. Then the difference between OK 
and NOK specimens becomes 30 %. This is significant enough to induce different behaviour in crankshafts 
being ground. 

It is reported that above 0.05 % titanium, sharp-edged TiC carbides form along with non-uniformly-distributed 
TiN nitrides. The latter float up in molten steel and begin to segregate [4]. To prevent this, steel should be 
poured rapidly and additions applied to the melt appropriately. 

Table 4 Number of particles vs. machinability 

Specimen Sample 2 Sample 3 Sample 4 Sample 5 

Ti level 0.020 0.021 0.019 0.020 

Machinability NOK: 30-50 workpieces between redressing OK: 120 workpieces between redressing 

Indicator 
Quantity 

of 
particles 

Proportion 
of particles 

[%] 

Quantity 
of 

particles 

Proportion 
of particles 

[%] 

Quantity 
of 

particles 

Proportion 
of particles 

[%] 

Quantity 
of 

particles 

Proportion 
of particles 

[%] 

Total 559 100.0 361 100.0 462 100.0 326 100.0 

above 10 µm2 77 13.8 59 16.3 56 12.1 39 12.0 

above 40 µm2 4 0.7 2 0.6 3 0.6 3 0.9 
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8. CONCLUSION 

A manufacturer of crankshafts reported repeated burning of ground workpiece surfaces due to dull grinding 
wheels, which resulted in damage to the products. The suspected cause of the wheels going dull was titanium 
particles, as the steel is alloyed with titanium. The goal of this investigation was to evaluate titanium 
carbonitrides using image analysis and compare the results for different steel vendors. 

The quantities of particles found in individual specimens indicate that a two-third difference in titanium content 
(0.020 % vs 0.007 %) leads to the same difference in the total number of all titanium particles (by approximately 
two thirds). The total number of titanium particles is directly proportional to the amount of titanium. With 
decreasing titanium content, the quantity of the coarsest particles decreases even faster. In fact, no particles 
larger than 40 µm2 are present eventually. 

This is corroborated by data on maximum sizes of particles. With titanium level of about 0.020 % the variance 
in the maximum size of particle is much larger than in specimens which contain a mere 0.007 % Ti. Even the 
averages of maximum values are lower in these specimens. The main reason is the absence of very coarse 
particles in specimens with very low titanium. Specimens with 0,007% titanium or less are practically free from 
particles larger than 40 µm2. Those above 30 µm2 are very rare. 

This shows that the titanium level and the size of particles affect the particle morphology. Specimens with 
0,007 % Ti contain larger quantities of particles with higher circularity than those with 0.020 % titanium. This 
is probably due to the absence of coarse particles which generally possess lower circularity. Coarse sharp-
edged particles are believed to have greater impact on grinding wheel dulling than round particles. 

An assessment of particle morphology showed that steels made by the basic oxygen process contained larger 
proportion of particles with low circularity, i.e. with less favourable morphology. By contrast, electric furnace 
steels showed better morphology of particles. This is due to the mean size of particles formed as a result of 
different production methods. It was demonstrated that in electric furnace steels, there are more particles, 
regardless of their size. However, above 10 µm2 and 40 µm2, respectively, there is a change in the trend and 
more particles are found in basic oxygen steels. 

The parameters vary greatly among the specimens, even between those from the same manufacturer and 
with the same titanium levels. These variations are likely due to the quality of the metallurgical processing. The 
pouring speed and the quality of the alloy addition step may affect the utility properties of steel substantially. 
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Abstract  

The paper aims to demonstrate a modern scanning electron microscope (SEM) as a powerful tool for 
visualization of the secondary phases in TRIP steel. The TRIP steel specimens prepared by various 
metallographic techniques were imaged by the SEM and the secondary phases presence was confirmed by 
an electron back-scattered diffraction (EBSD) technique. The chemical polishing by 5 % HF in H2O2 for 10 
seconds results in selective etching for each individual phase, as confirmed by an atomic force microscopy 
(AFM) and hybrid AFM-in-SEM techniques. The phases are easily distinguishable in the SEM micrographs 
created by the low energy high take-off angle signal electrons. The proposed sample preparation technique 
together with special SEM imaging conditions enables us accurate analysis of distribution of secondary phases 
within the TRIP steel matrix and moreover, the retained austenite is distinguishable from the martensite phase.   

Keywords: TRIP steel, advanced SEM, metallography 

1. INTRODUCTION  

The understanding of the relationship between phase composition and macroscopic properties plays a key 
role in the development of advanced high strength steels, such as transformation induced plasticity (TRIP) 
steels. Advanced TRIP steels have complex microstructure consisting of ferrite-bainite matrix and secondary 
phases (martensite and retained austenite) inhomogeneously dispersed within a matrix [1]. Analysis of 
advanced TRIP steels phase composition is very complicated due to presence of very fine secondary phases, 
such as lath-like austenite. An electron back-scattered diffraction technique (EBSD) is a common tool enabling 
us phase analysis. The EBSD technique is able to distinguish the phases based on their crystallographic lattice 
(austenite) and image quality (martensite) [2,3]. On the other hand, the EBSD technique is not effective for 
characterization of large area and very fine phases. The scanning electron microscopy (SEM) seems be as a 
useful tool for phase characterization due to a possibility of large area mapping in short time and high spatial 
resolution. Unfortunately, standard metallographic techniques are not able to prepare the surface specific for 
each phase and the secondary phases are not distinguishable in ordinary SEM micrographs. The aim of this 
work is to look into the commonly used metallographic sample preparation techniques and explore their 
potentials to prepare the surface unique for each phase.  

2. EXPERIMENTAL 

The material under investigation was a TRIP steel containing 12% of retained austenite (measured by X-Ray 
diffraction technique). The TRIP steel consists of ferrite-bainite matrix and contains the secondary phases, 
such as retained austenite, martensite and marteniste-austenite constituents. The specimens were prepared 
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conventionally by grinding and mechanical polishing. The first specimen was only mechanically polished and 
the final step of polishing was 0.25 μm diamond paste for 10 minutes. The second specimen surface was 
finished by chemical-mechanical polishing using 40 nm SiO2 particles. Polishing with colloidal silica lasted for 
3 hours. The third specimen was chemically polished by means of immersion of the specimen into the 5 % HF 
in H2O2 for 10 seconds. The last specimen was prepared by conventional electro-polishing technique. The 
specimens were characterized by a dualbeam FIB-SEM Helios 4G HP (Thermofisher Scientific) [4]. This 
instrument is equipped with highly sophisticated detection system enabling effective energy and angular 
filtering of the signal electrons. The microscope is equipped with several detectors, such as in-chamber (ETD, 
ICE) and in-lens (TLD, MD) secondary electron detectors and a concentric back-scattered electron detector 
(CBS) consisting of four concentric parts, which can be operated individually. The instrument can be operated 
at very low landing energies of the primary beam due to a specimen bias mode. The negative specimen bias 
accelerates the low emission energy electrons towards the detectors and collimated their trajectories towards 
the optical axis. It secures us high detection efficiency at low landing energies [5,6]. The surface morphology 
was characterized by an atomic force microscope, LiteScopeTM (NenoVision), integrated into SEM. This 
approach enables precise AFM tip navigation by SEM and simultaneous AFM and SEM data acquisition and 
their precise correlation (LiteScopeTM, Nenovision) [7]. The EBSD analysis was performed by the EDAX Team 
software installed in the UHR SEM Magellan 400L (Thermofisher Scientific Company) [8].  

3. RESULTS AND DISCUSSION 

Figure 1 shows the EBSD phase maps and corresponding SEM secondary electrons (SE) micrographs of the 
TRIP steel specimens prepared by different ways. Obviously, the sample preparation finished with mechanical 
polishing results in austenite phase transformation and the secondary phases are not identifiable in the SEM 
image. The chemical-mechanical polishing with colloidal silica leads to perfectly smooth surface and the 
secondary phases are perfectly indexed in the EBSD phase map. On the other hand, absence of surface 
topography makes the phases undistinguished in the SEM image. The specimens prepared by chemical- and 
electro-polishing techniques enable to visualize the secondary phases in the SEM images. Moreover, the 
specimen prepared by chemical polishing exhibits the specific contrast for each secondary phase and the 
retained austenite becomes distinguishable from the martensite phase.  

 

Figure 1 TRIP steel surface prepared by: simple mechanical polishing, chemical-mechanical polishing, 
chemical polishing and electro-polishing technique (from the left). Top row: EBSD phase map (red: BCC 
lattice - ferrite, martensite, green: FCC lattice - austenite); bottom row: SEM images taken by the in-lens 

SE detector. 
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The specimen finished by chemical polishing appears to be promising for the secondary phase imaging by the 
SEM. Therefore, the next part of the SEM investigation will be focused on this specimen. Figure 2 shows a 
schematic sketch of the FIB-SEM Helios 4G detection system with utilized detectors of the signal electrons. 
The micrographs were collected at 1 keV landing energy, which secures us to obtain high surface sensitivity. 
The primary electrons were retarded on the final landing energy by means of the electrostatic field created 
between the negatively biased specimen and the earthed detector. The signal electron trajectories are 
collimated towards the optical axis. The electrons are separated based on their emission energy and angle. 
The electrons having low emission energy and/or leave the specimen surface with the angle close to the optical 
axis are detected by the MD detector and the segment A of the CBS detector. Conversely, the elastically 
scattered electrons emitted under high angles from the optical axis are collected by the CBS segments situated 
far from the optical axis. As visible, filtering of the signal electrons helps us to amplify desired contrast. The 
images of MD and CBS-A were able to identify the three phases in the steel. The ferrite phase is the brightest, 
the austenite phase is the darkest, and the martensite phase is the second darkest. In the images of CBS-B, 
C, and D, the ferrite phase and the other phases can be distinguished, but the austenite phase and the 
martensite phase cannot be distinguished because they have the same brightness.   

 

Figure 2 SEM micrographs obtained at 1 keV landing energy of the primary electrons by the MD detector 
and by each individual segment of the CBS detector  

The SEM micrographs obtained at 1 keV landing energy by the MD and the CBS D detectors are displayed in 
Figure 3, together with corresponding EBSD and AFM topography maps. Contrast in the SEM images 
corresponds with the topography of the surface confirmed by the AFM. The etching process is selective and 
the secondary phases are etched preferentially. The etching process is the most intensive in the case of the 
austenite phase. The austenite phase is dark in the SEM MD image. The SEM CBS D image shows the 
secondary phases brighter than the matrix and the austenite and the martensite phase are inseparably.  
Figure 4 compares the ordinary SEM SE obtained by conventional in-chamber ETD detector and the in-lens 
SEM MD detector. Both images are created mainly by the SE electrons. The ordinary SEM SE image is created 
by the low take-off angle electrons with contribution of the SE3 (the secondary electrons generated inside the 
chamber) and in contrast, the advanced SEM SE image obtained by the MD detector is created dominantly by 
the very low energy high take-off angle signal electrons. As visible, the advanced SEM SE image enables us 
to distinguish the secondary phases and the retained austenite becomes clearly visible.   
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Figure 3 SEM micrographs created by the high take-off angle + low emission energy (SEM: MD) and by the 
low take-off angle high emission energy (SEM: CBS D) signal electrons, together with corresponding AFM 

topography (AFM) and EBSD results (crystal orientation map, image quality map and phase map) 

 

Figure 4 Contrast between the phases in the ordinary SEM SE image and the image obtained using 
effective angular and energy signal electrons filtering advanced SEM SE image, together with corresponding 

EBSD phase map and AFM topography 

Comprehensive information about TRIP steel surface morphology was obtained by means of special AFM 
LiteScopeTM, integrated directly into the SEM. This approach enabled precise AFM topographical 
measurement of the exact sample area previously analyzed by EBSD and advanced SEM for accurate data 
comparison. Also, LiteScopeTM is equipped with unique advanced correlative probe and electron microscopy 
(CPEM) imaging technology that enables simultaneous acquisition of AFM and SEM signals and their 
correlation into 3D CPEM view. As shown in Figure 5, material contrast (with focus on secondary phase) can 
be directly linked to the sample topography by this way. 
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Figure 5 CPEM view of the TRIP steel specimen prepared by chemical etching technique: AFM + SEM BSE, 
AFM + SEM SE and AFM topography (from top to bottom) 

4. CONCLUSION 

Visualization of the secondary phases in TRIP steel by the SEM technique requires not only specially prepared 
specimen surface but also the possibility of effective energy and angular filtering of the signal electrons. 
Chemical polishing of the TRIP steel surface by 5 % HF in H2O2 results in the selective etching process and 
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the secondary phases are etched preferentially. The highest etch rate is in the case of austenite phase, as 
confirmed by the AFM topography imaging. The austenite phase shows specific contrast in the SEM 
micrographs created by the high take-off angle low energy signal electrons, which are collected by the in-lens 
SE detector. The surface sensitivity of the SEM technique is secured by using the low landing energies of the 
primary beam. Accurate information about the surface morphology was obtained by means of the correlative 
CPEM technique. 
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Abstract  

This work focuses on the effect of laser power on the proportion of austenite and ferrite in duplex steel SAF 
2507. Duplex steels combine the advantages of ferritic and austenitic steels, preferably with an optimal 
proportion of austenite and ferrite. The effect of laser beam power in direct laser deposition on this proportion 
of microstructure constituents was studied. The proportion also has an impact on mechanical and corrosion 
properties, which are essential for this type of steel. Duplex steels are often used in corrosive environments 
and their mechanical properties and corrosion resistance depend on the proportion of austenite and ferrite. 
Direct laser deposition (DED) was used for making samples. DED operates on the principle of laser melting of 
a powder which is carried by the shielding gas into a nozzle. This technology can be used as an additive 
manufacturing process as well as for surface repairs and modification of components. The samples in this 
experimental study were printed using several different fixed outputs and the same intervals. One sample was 
printed using the machine’s automatic mode. Microstructural analysis was performed using EBSD, EDS and 
light microscopy. The proportion of austenite and ferrite was measured by X-ray diffraction (XRD analysis). 
The differences in the proportion of ferrite and austenite were minimal, on the order of several percentage 
points. 

Keywords: Direct Energy Deposition, duplex, SAF2507, microstructure 

1. INTRODUCTION 

Duplex steels contain a balanced proportion of ferrite and austenite. For the best mechanical properties and 
corrosion resistance, the optimal proportion is 1:1. These steels are most often used in the marine, 
petrochemical, oil, gas and shipbuilding industries. They have some of the highest chromium contents of the 
entire group of cast stainless steels 1,2. The chromium levels range from 21 to 27 %. Corrosion resistance 
is further increased by alloying with molybdenum (up to 6 %) and nitrogen. With such compositions, the two-
phase structure is achieved by nickel additions at 5.5 to 8.5 %. Nickel is one of the austenite-forming elements 
that compensate for the high content of ferrite-forming elements (chromium, molybdenum). If a certain 
proportion of ferrite and austenite contents is to be achieved, the levels of ferrite-forming and austenite-forming 
elements must be balanced as well. A small change in the composition can cause a significant change in the 
resulting microstructure and thus in the properties of the steel. However, the proportion of both constituents 
depends not only on the chemical composition but also on heat treatment. Duplex steels must be heat treated 
at temperatures above 1000°C. Typically, with increasing temperature the ferrite content increases 3,4. 

Direct energy deposition (DED) is one of the technologies for 3D additive manufacturing of metal parts. Using 
DED, components can be made of various materials and alloys, ranging from steels, through titanium, to nickel. 
Non-metallic materials, such as ceramics, can be deposited, or various non-metallic additives can be used 
such as carbides. One advantage of the process is its ability to deposit multiple materials at a time while 
building a single component or even to mix powders of different materials during the additive manufacturing 
process. DED is also employed to repair components and deposit coatings with different properties than the 
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base material. DED melts the powder with a laser, but there are other technologies that rely on an electron 
beam or an electric arc. Additive manufacturing takes place under a protective atmosphere or in a vacuum, 
depending on the process used. Each of these technologies has its advantages and disadvantages 5,6. 

Additive manufacturing of duplex steels using DED has not received wide attention yet. Therefore, this method 
will be examined in more detail. A few reports have been published on processes that use wire arc additive 
manufacturing. 

2. MATERIAL AND METHODS 

The Insstek MX-600 machine was used for deposition. Its energy source is a 2 kW fibre-guided Ytterbium 
laser. The print space size is 600 × 450 × 350 mm (x/y/z). The whole process took place under a protective 
atmosphere of argon 4.8. A powder designated as SAF 2507 with a particle size of 45 - 150 μm from Sandvik 
Osprey LTD was the feedstock material. Its chemical composition is shown in Table 1.  

Table 1 Chemical composition of SAF 2507 (wt%) 

Fe C Cr Ni Mo Mn Si N O Cu Al P S 

Bal. 0.02 25.2 7.0 4.02 0.9 0.5 0.3 0.05 0.02 0.01 0.008 0.006 

It is the stated chemical composition from the material data sheet supplied by the manufacturer. The additive 
manufacturing, deposition parameters were followed: module SDM 800, layer height was 250 μm, beam 
diameter corresponded to 800 μm. Federate was 849 mm/min, hatch distance was 0.5 mm and deposition 
strategy corresponded to ZigZag. In the process, all the parameters were constant, except of the laser power. 
All other parameters were the same for all samples. 

A total of 5 samples were built. Their geometry was a cube with an edge length of 15 mm. Table 2 shows the 
individual output levels and the resulting height in the Z direction. The samples were built on a platform made 
of C45 steel with a size of 95 × 95 × 20 mm. DMT technology (Direct Metal Tooling) is a process patented by 
Insstek. It controls the laser power during additive manufacturing to ensure that the layer height is constant. 
For this purpose, the system monitors the height of the melt using optical sensors. 

Table 2 Power specification and height in Z direction for each sample 

 Power [W] Height in Z direction [mm] 

Sample 1 DMT 15  

Sample 2 400 12.7 

Sample 3 500 14.5 

Sample 4 600 15.6 

Sample 5 700 17.2 

The samples were then cut away from the platform and prepared for metallographic analysis. Metallographic 
sections were prepared by grinding and polishing. Microstructure was revealed by electrolytic etching with  
20 % NaOH at 3.2 V for 15 seconds. It was observed under a light microscope (Nikon ECLIPSE MA200) and 
in a scanning electron microscope (JEOL IT 500 HR) equipped with an EDS analyser (EDAX Octane Elite 
Super). EDS was used for determining the chemical composition of phases. The EBSD camera (EDAX Hikari 
Super) provided information on grain orientation. The proportion of ferrite and austenite was measured by X-
ray diffraction (Bruker D8 Discover) on an area of 6 × 10 mm on samples ground with P1200 paper.  
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3. RESULTS 

3.1. Austenite and ferrite proportion 

The samples were built using fixed power levels spaced at 100 W between 400 W and 700 W. One additional 
sample was printed using the DMT mode. The DMT mode maintains a constant layer height. The laser power 
varied in the range of about 400 W to 600 W. The effect of the change in laser power on phase fraction is up 
to 10 %. Sample 3 contained no less than 30 % of austenite. The largest amount of austenite was found in 
sample 5, specifically 38 %. Samples 2 and 4 had approximately equal proportions of austenite and ferrite. 
Table 3 presents the dependence of height in Z direction on the deposition power. There is a fluctuating trend 
in the content of ferrite and austenite in the duplex steel. If the ferrite content dropped at the power level above 
700 W, other parameters would have to be adjusted to avoid collision of the nozzle with the sample. The 
measured values were followed: in sample 1 31 % of austenite (A) and 69 % of ferrite (F) was found. In sample 
2 it was 35 % of austenite and 65 % of ferrite, in sample 3 30 % of austenite and 70 % of ferrite, while in sample 
4 was 35 % of austenite and 65 % of ferrite. In sample 5 was 38 % of austenite and 62 % of ferite. 

 

Figure 1 Type of austenite in SAF 2507, a) LM (sample 1), b) SEM (sample 3) 

3.2. Microstructure 

The microstructure corresponds to the results of XRD, which only detected ferrite (F) and austenite (A). There 
are three types of austenite in this microstructure. Each type of austenite forms at different temperatures. 
Ferrite grains in the etched samples stretched across several layers of the build. Along ferrite grain boundaries, 
there was grain boundary austenite (GBA), and thin needles of Widmanstätten austenite (WA), both in  
Figure 2, growing from the ferrite grain boundaries. Meltpool boundaries are lined with heat affected zones 
(HAZ) where the largest amount of austenite was the form of intergranular austenite (IGA), see Figure 1  
2,7,8. Figure 1a) shows light micrographs (LM) and Figure 1b) scanning electron micrographs (SEM). 
Figure 2a) reveals that the lower-lying layers underwent rapid cooling in the temperature range of 500 to  
600 °C thanks to heat dissipation to the platform 3,9,10. For this reason, the centre of the melt pool is free of 
IGA and the HAZ is formed along the melt pool boundaries where the temperature for the formation of IGA is 
favourable. With increasing height of the build the width of the HAZ is increased (Figure 2a)) due to less heat 
dissipation from the sample. This can also be seen along the edges of the sample. In the last three or four 
layers in samples 1 to 4, the gas flow from the nozzle accelerated cooling more strongly. Hence, the last few 
layers have experienced weaker thermal effects from their overlaying layers. As a result, IGA was not found 
in them. Figure 2b) shows the HAZ around the melt pools which was also affected by the deposition 
parameters. 
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Figure 2 Sample 4: a) the entire sample, b) a detail view with a description of the additive manufacturing 
process 

Table 3 Elemental analysis of sample 2 (wt%) 

Spot 1 2 3 4 5 6 7 

Mo L 2.1 2.3 2.5 2.2 2.9 2.4 2.8 

Cr K 29.1 28.8 29.0 29.4 29.0 29.1 29.3 

Mn K 1.2 1.6 1.5 1.2 1.5 1.2 1.5 

Fe K 61.6 61 61.4 61.0 61.0 61.6 60.9 

Ni K 6.0 6.3 5.6 6.2 5.6 5.7 5.5 

 

Figure 3 Locations of EDS measurement (sample 2, polished) 

3.3. EBSD and EDS analysis 

EDS (Energy Dispersive X-Ray Spectroscopy) analysis did not reveal any significant segregation of elements. 
The measured values are listed in Table 3. The locations studied are shown in Figure 3. Austenite was 
detected in spots 1-4 and ferrite was observed in spots 5 - 7. The differences in the levels of ferrite-forming 
and austenite-forming elements are very low, up to half a percentage points. The observed microstructure may 
have been affected by temperature. 
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Figure 4 EBSD analysis a) IPF orientation map, b) phase map of ferrite and austenite distribution 

 

Figure 5 Pole figures: a) austenite, b) ferrite 

Figure 4 shows IPF orientation map and phase map of ferrite and autenite distribution. The pole figures from 
EBSD data are shown in Figure 5. No preferential orientation was found in either of the phases. The texture 
intensity was higher in ferrite grains than in austenite ones. Figure 5a) shows austenite grains and Figure 5b) 
ferrite grains.  

4. CONCLUSION 

This paper explores the effect of laser power in direct laser deposition on the proportion of austenite and ferrite 
in SAF 2507 super duplex steel. Additive manufacturing of super duplex steels can be performed using 
different power settings. The effect of the laser power on the proportion of austenite and ferrite was found to 
be minimal. The amount of ferrite was higher than that of austenite and exceeded the expected value of 50 %. 
The austenite content ranged from 29.5 % to 38.2 %, with the largest fraction of austenite found in sample 5. 
It was measured using XRD. Ferrite grains grew across several layers deposited by additive manufacturing. 
Austenite was found in three different modifications: intergranular austenite (IGA), Widmanstätten austenite 
(WA) and grain boundary austenite (GBA). GBA and WA were present along the boundaries of ferrite grains. 
IGA occurred mostly along the melt pool boundaries where distinct HAZ was observed. As the sample was 
being built, the width of the HAZ increased, too. IGA in the HAZ was not found in several topmost layers of the 
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sample, except in sample 5. This may have been caused by the highest thermal input to the sample and by 
the heated platform, which provided austenite with sufficient time to precipitate. EDS analysis did not identify 
any significant differences in the concentrations of individual elements which could be suspected to affect the 
formation of IGA in the HAZ. EBSD analyses showed the distribution of austenite and ferrite. The grains were 
distributed randomly and no preferential grain growth was observed. Austenite grains have been found to have 
a finer structure than the ferrite ones. The formation of IGA may have been caused by thermal effects, such 
as heat dissipation into the sample and the differences in the thermal gradient within the sample during the 
additive process. The reasons for formation of IGA will explored in further research. 

ACKNOWLEDGEMENTS   

This paper was developed thanks to the project of Pre-Application Research of Functionally 
Graduated Materials by Additive Technologies, No.: CZ.02.1.01/0.0/0.0/17_048/0007350, financed by 

the Ministry of Education of the Czech Republic. 

REFERENCES 

[1]  ZHANG, Z., ZHAO, H.,  ZHANG, H., HU, J., JIN, J. Microstructure evolution and pitting corrosion behavior of UNS 
S32750 super duplex stainless steel welds after short-time heat treatment. Corrosion Science. 2017, vol. 121, pp. 
22-31. 

[2]  SARAVANAN, S., RAGHUKANDAN, K., SIVAGURUMANIKANDAN, N. Pulsed Nd: YAG laser welding and 
subsequent post-weld heat treatment on super duplex stainless steel. Journal of Manufacturing Processes. 2017, 
vol. 25, pp. pp. 284-289.  

[3]  ZHANG, X., WANG, K., ZHOU, Q., DING, J., GANGULY, S., MARZIO, M., YANG, D., XIANGFANG, X., DIRISU, 
P., WILLIAMS, S.W.  Microstructure and mechanical properties of TOP-TIG-wire and arc additive manufactured 
super duplex stainless steel (ER2594). Materials Science and Engineering A. 2019, vol. 762, no. 13897.  

[4]  EGHLIMI, A., SHAMANIAN, M., RAEISSI, K. Effect of current type on microstructure and corrosion resistance of 
super duplex stainless steel claddings produced by the gas tungsten arc welding process. Surface and Coatings 

Technology. 2014, vol. 244, pp. 45-51.  

[5]  SOSHI, M., YAU, C., KUSAMA, R. Development and evaluation of a dynamic powder splitting system for the 
directed energy deposition (DED) process. CIRP Annals, 2020.  

[6]  GU, D. Laser Additive Manufacturing of High-Performance Materials. Nanjing: Springer, 2015.  

[7]  ZHANG, Y., CHENG, S., WU, S., CHENG, F. The evolution of microstructure and intergranular corrosion 
resistance of duplex stainless steel joint in multi-pass welding. Journal of Materials Processing Technology. 2020, 

vol. 277, no. 116471.  

[8]  SINGH, J., SHAHI, A.S. Metallurgical and corrosion characterization of electron beam welded duplex stainless 
steel joints. Journal of Manufacturing Processes. 2020, vol. 50, pp. 581-595.  

[9]  ZHANG, Z., ZHANG, H., HU, J., QI, X., BIAN, Y., SHEN, A., XU, P., ZHAO, Y. Microstructure evolution and 
mechanical properties of briefly heat-treated SAF 2507 super duplex stainless steel welds. Construction and 
Building Materials. 2018, vol. 168, pp. 338-345.  

[10]  HEJRIPOUR, F., BINESH, F., HEBEL, M., AIDUN, A.D.K. Thermal modeling and characterization of wire arc 
additive manufactured duplex stainless steel. Journal of Materials Processing Technology. 2019, vol. 272, pp. 58-
71.   

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

545 

STUDY OF THE STEEL HEAT TREATMENT MODE FOR THE PURPOSE OF INCREASING 
THE EFFICIENCY OF ULTRASONIC CONTROL 

1Andrey KURBATOV, 1Julia AVERINA, 1Evgenii KUZIN, 1Victoria TSEVKOVA,                  
1Nadezhda MOISEEVA 

1D. Mendeleev University of Chemical Technology of Russia, Moscow, Russia, andreikurbatov@yandex.ru 

https://doi.org/10.37904/metal.2020.3518 

Abstract 

More and more attention is being paid to non-destructive testing of connecting elements. Currently, ultrasound 
control is widely used. A prerequisite for an effective and reliable process of ultrasonic testing is the grain size 
of the analysed metal. One option for influencing non-grain size of a steel part is to vary the heat treatment 
and tempering conditions. As part of the study, an assessment was made of the heat treatment modes of steel 
parts for grain size. It has been established that by changing the heat treatment and tempering regime it is 
possible to obtain grain with a size of 3-5 points. The optimal mode of the heat treatment process was selected, 
which allows to obtain the minimum grain size of 4-5 balls that is acceptable for ultrasonic testing. 

Keywords: Metallurgy, steel, properties, applications, testing methods 

1. INTRODUCTION 

Non-destructive testing processes for connecting steel elements are currently receiving increasing attention. 
Failure of the connecting element under load can lead to human casualties. In the best case, a breakdown of 
the connecting element destroys the structure, and long-term repair of the structure leads to high economic 
costs, both due to the need to replace damaged parts of the structure (capital costs), and indirectly due to 
equipment downtime [1-5]. 

An essential condition for the effective and long-term operation of the connecting element is a guaranteed 
tightness, so it is not possible to remove the connecting element (bolt, rivet) without stopping the operation of 
the structure or disassembling it. 

In order to increase the service life of the connecting elements and the entire structure as a whole, an integral 
part of the operation of any node is the timely detection of defects and the rapid replacement of the connecting 
element, until the critical level of deformation and breakage of the node is accumulated. 

There are many control systems for connecting elements, but most of them require the extraction of parts from 
the assembly, which leads to forced production downtime, significantly complicating the control process. The 
number of non-destructive testing methods is very limited and is represented mainly by physical methods 
(ultrasound, gamma defectosсopy, etc.) [6,7]. 

Currently, for the timely monitoring of various metal structures, ultrasonic testing methods are used. Ultrasonic 
control is used to check the condition of gas and water pipes, quality control of the seam when welding metal 
or polypropylene parts. The use of the ultrasonic testing method allows you to quickly assess the state of the 
structure during its operation. To use the method of ultrasonic testing in the process of evaluating the axial 
stress of the connecting elements, there is a prerequisite that guarantees the reliability and reliability of the 
data. For ultrasonic testing processes, the grain size of the steel should correspond to the specified parameters 
according to the technological documentation. It should be noted that this parameter varies depending on the 
type of element being monitored [8,9]. 
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According to the results of preliminary experiments, it was found that in order to achieve maximum efficiency 
of ultrasonic testing of bolted connecting elements made of austenitic-martensitic steel grade 07XI6H6, grain 
size should be at least 5 points. An increase in grain size above this figure leads to a decrease in toughness 
and an increase in the cold brittleness threshold [10]. 

The main objective of this work is the selection of the heat treatment mode of austenitic-martensitic steel grade 
07XI6H6 with the goal of obtaining grain size of 5 points. The data obtained will allow us to apply the process 
of non-destructive ultrasonic testing of bolted and riveted connecting elements made of this steel. 

2. METODS OF ANALYSES 

The grain size was determined by microstructural analysis. The test sample was pre-treated with wet grinding 
and polishing. The pre-ground sample was subjected to etching, as a result of which defects are formed on 
the surface of the micro-section, which reliably determine the microstructure of the alloy [8]. In order to increase 
the efficiency of grain detection, the samples that passed the etching process were subjected to isothermal 
exposure at a temperature of 750 °C for 1 hour. 

The surface condition was studied using a Metam PB-21-2 metallographic microscope. In the process of 
metallographic analysis, the presence of non-metallic inclusions and the preliminary grain size of the metal 
were determined. The exact grain size was determined by comparing microphotographs (100 times) of the 
grain in the sample of the steel under study and a similar photograph of the reference sample. 

3. METODS OF EXPERIMENTS 

For steel sections cast from steel grade 07XI6H6 (chrome-nickel), the following heat treatments were 
performed as it from Table 1 follows, where are also summarised grain sizes of the austenitic-martensitic steel 
of the grade 07XI6H6 in dependence on conditions of the heat treatment process. Ggrain sizes at the same 
magnification are demonstrated in Figure 1.  

Table 1 Effect of heat treatment on grain size 

Sample 
No. Heat treatment mode Grain point at 

x100 
Figure 

number 

1 1200 °C/10 hours → 750 °C/1 hour/water 0-1  

2 
1200 °C/10 hours/water + 780 °C/1.5 hours + 680 °C/1.5 hours + 
1000 °C/1 hour/water + 780 °C/1.5 hours + 680 °C/1.5 hours + 

1000 °C/1 hour → 750 °C/1 hour/water 
4-5 Figure1 В 

3 
1200 °C/10 hours/water + 780 °C/1.5 hours + 680 °C/1.5 hours + 
1000 °C/1 hour/water + (-70)/2 hours + 650 °C/2 hours/water + 
650 °C/2 hours/water + 1000 °C/1 hour → 750 °C/1 hour/water 

4 Figure1 С 

4 
1200 °C/10 hours/water + 780°C/1.5 hours, + 680 °C/1.5 hours, + 
625 °C/2 hours/water + 625 °C/2 hours/water + 1000 °C/1 hour → 

750 °C/1 hour/water 
3-4 Figure 1 D 

5 

1200 °C/10 hours/water + 780 °C/1.5 hours, + 680 °C/1.5 hours, + 
1000 °C/1 hour/water + (-70)/2 hours + 780 °C/1.5 hours, + 680 

°C/1.5 hours, + 780 °C/1.5 hours + 680 °C/1.5 hours + 1000 °C/1 hour 
→ 750 °C/1 hour/water 

4 Figure1 Е 

Modes 3, 4 and 5 (respectively, Figures 1 C, D and E) allow to get grain with a size of up to 4 points, while 
mode 2 allows to get grain with a size of 4 - 5 points. Modes 3 - 5 can be used to obtain grains of other sizes. 
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Figure 1 Microstructures of steel grade 07XI6H6 after different heat treatment modes at the same 
magnification grain sizes are summarised in Table 1 

4. CONCLUSION 

As a result of a number of experiments, a heat treatment regime was developed for austenitic-martensitic steel 
of the grade 07XI6H6, which allows obtain grain with a size of 4-5 points, which will effectively determine the 
magnitude of the axial stress after tightening the bolts in the process of ultrasonic non-destructive testing. 

To obtain a given grain size, heat treatment of steel should be carried out under the following conditions:  
1200 °C, 10 hours, water cooling, then 780 °C, 1.5 hours, air cooling; 680 °C, 1.5 hours, air cooling; 1000 °C, 
1 hour, water cooling; 780 °C, 1.5 hours, air cooling; 680 °C, 1.5 hours, air cooling; 1000 °C, 1 hour; 750 °C, 
1 hour, water cooling. If it is necessary to obtain finer grain, it is possible to use heat treatment modes 3 - 5 
(Table 1). 

Based on the data obtained as a result of the study, a heat treatment process has been developed for parts 
that can produce grain of a given size (4-5 points) and simplify the system of ultrasonic monitoring of the state 
of the connecting elements, which will further reduce equipment downtime and prevent the risk of accidental 
fracture of the connection. 
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Abstract 

The NiTi alloy shape memory effect can have a much larger field of application in industry and everyday life 
than it is now. The high cost of obtaining this material and the laboriousness of the process limit its scope of 
application. The use of modern 3D technology may help solve this problem This paper explores the possibility 
of growing samples of simple geometric shapes in the form of tubes from Ni and Ti elemental powders. 
Samples from 3 types of powder mixtures have been produced. The first mixture with an excess of Ni relative 
to the equatorial ratio, the second with a deficit of Ni, the third with 5 % addition of Cu. The microstructure of 
samples before and after thermal treatment in argon at 900 ˚C was studied. The heat treatment contributed 
the process of homogenization of the solid solution, but had no significant effect on the sample hardness or 
reduction of secondary phases. Heat treatment changed hardness by an average of 10%. Phase analysis 
before and after the heat treatment showed a significant proportion of NiTi phase as well as secondary phases 
of NiTi2, Ni3Ti, TiO2. 

Keywords: Additive technology, laser cladding, powder metallurgy, automated production, nitinol 

1. INTRODUCTION  

Functional material nitinol (NiTi) has unique properties of the shape memory effect (SME), which can 
potentially be widely used in most household devices and mechanisms. Today this material is used only in 
industries with high profitability and where the SME is not replaced by another analogue. Typical examples 
are orthodontic arcs in dentistry, prosthetics, expanding bushings in aircraft construction and mechanical 
thermal alarm. The high labor content of this material which directly affects the final cost of a particular product 
make it difficult to implement it everywhere. 

The main commercial method of producing an alloy consists of the following technological processes [1]: 

1) vacuum arc remelting to obtain a well mixed alloy 
2) vacuum induction melting to reduce impurities 
3) casting followed by hot or cold rolling to obtain a uniform structure 
4) intermediate annealing and cutting 
5) final deformation of the product and heat treatment with the product locked in place to "memorize" the 

shape 

The nitinol material was obtained quite a long time ago. In 1962, William Buhler and Frederick Wang 
discovered the SME of a nickel and titanium-based alloy [2]. A study of the synthesis methods of this material 
and an attempt to create more optimal methods for its preparation are still being developed. 

There is modern research on experimental methods of producing nitinol alloy with the aim of cheapening the 
synthesis process or shortening the process chain to expand its areas of application. Some examples of 
methods for the production of nitinol, other than vacuum-arc remelting are implemented by the following 
methods: 
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 Hot isostatic pressing (HIP) [3] 
 Injection molding [4] 
 Self-propagating high-temperature synthesis (SHS) [5] 

In this paper the method of laser cladding from elemental powders of nickel and titanium for the synthesis of 
NiTi alloy was proposed. This approach allows to combine the process of material melting and forming [6-8]. 
In well known papers of nitinol synthesis on additive technologies equipment sealed chambers with an inert 
medium are used [9,10]. In this article the synthesis is performed under the conditions of inert gas (argon) flow 
directly in the melting region. 

The manifestation of the SME is influenced by martensite transformations of two types - forward and reverse. 
Each of them is manifested in its own temperature range. Temperatures of martensite transformations are 
determined by the chemical composition and purity. Therefore, even small changes in chemical composition 
lead to a shift in these temperatures [11]. To solve the problem of obtaining the SME in a certain temperature 
range it is necessary to carefully select the ratio of initial elemental powders, as well as to control the phase 
composition and size of structural components. 

The main task of the work is to determine the degree of diffusion of components in a sample width of one track, 
study the chemical, phase composition, structure, as well as the effect of thermal treatment on samples 
obtained by laser cladding. 

Features of NiTi alloy synthesis by laser cladding method are as follows: the laser provides melting of the 
elements caught in the melting zone, and its relatively slow cooling rate, which should ensure homogeneity of 
the synthesized alloy. The scheme of the growing process is shown in Figure 1. Powder mixture of Ni and Ti 
elemental powders is fed into powder feeding nozzles by a powder feeder. 

 

Figure 1 Scheme of the process of sample 
growth by laser cladding method 

 

Figure 2 Scheme of plant components for in-situ NiTi 
synthesis by laser cladding 

2. METHODOLOGY AND EXPERIMENT 

Synthesis and production of NiTi samples using laser cladding technology was carried out at the plant 
developed in SPBPU, the scheme of which is shown in Figure 2. The main components of the unit continuous 
ytterbium fiber laser iPG LS-3, powder feeder PF 2/2, optical system (cladding head) KUKA MWO-1 and Fanuc 
M20i robot. Initial components for the production of the mixture: spherical titanium powder of the brand VT1-0 
with a particle size distribution 45-100 microns and not spherical nickel powder with a particle size distribution 
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5-30 microns is used. Mixing of powders was carried out by a mechanical method. Based on the results of the 
theoretical study, three types of mixtures with different proportions of components were selected and 
manufactured (Table 1). 

Table 1 Composition of mixtures for NiTi synthesis 

Mixture type Mixture component percentage (wt%) 

Mixture 1 57 Ni, 43 Ti 

Mixture 2 51 Ni, 49 Ti 

Mixture 3 44 Ni, 51 Ti, 5 Cu 

Model of samples for growing as a tube can be seen in Figure 3. Growing was performed in a closed, leaky 
chamber filled with argon. A part of the produced samples was subjected to heat treatment (HT) - 
homogenization annealing in a vacuum furnace in argon medium at heating 900 ˚C, holding time - 1 hour. 

 a) b)  

Figure 3 CAD sample model Figure 4 Manufactured NiTi samples from elemental powders by laser 
cladding, where a - general view, b - sample in section 

The study of the structure was carried out on prepared grinders after mechanical grinding and polishing. 
Chemical etching was carried out in a solution of 10 ml HF, 20 ml HNO3, 30 ml H2O. Chemical analysis was 
carried out on SEM Tescan Mira 3 electron microscope with EDS attachment. X-ray phase analysis was carried 
out on Bruker D8 Advance diffractometer in the range of 200 to 1000 angles with 0.02 step and 2 s exposure 
time at each step. Quantitative phase analysis was performed using TOPAS5 software. Hardness 
measurement was performed using the Vickers method. 

3. RESULT AND DISCUSSION 

The appearance of the obtained samples is shown in Figure 4. Visually all samples turned out to be 
homogeneous without any visible defects in the form of non-smelts and cracks. The microstructure of samples 
before and after heat treatment is shown in Figure 5. 

The obtained images of the microstructure show a cast dendritic structure consisting mainly of two phases. 
Homogeneity of the structure is revealed, which varies from the track centre (the zone with maximum energy 
density) to the peripheral zone. In general, 3/4 of the track thickness is a homogeneous solid solution and 1/4 
heterogeneous areas associated with incomplete re-melting. The reason for this is Gaussian energy density 
of the laser spot and increased crystallization rate of the external wall material. It is important to note that the 
pronounced defect of heterogeneity observed at the edges can be corrected by mechanical removal of a layer 
of material. 

The heat treatment resulted in diffusion processes that increased homogeneity within the sample. This can be 
clearly seen from the change in structure in Figure 5 d. There was no change in the structure of sample 3 after 
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heat treatment. The results of the measurement of the chemical composition of the original samples in the 
middle of the cut of the sample and at the edge are presented in Table 2. 

a)     d)    

b)    e)      

c)    f)     

Table 2 Results of measuring the chemical composition of NiTi source samples (in wt%) 

Simple 1 Simple 2 Simple 3 

elements O Ti Ni O Ti Ni Cu O Ti Ni 

center 12.6 31.2 5.2 2.0 46.3 51.7 5.3 7.8 42.1 45.6 

edge 8.6 39.8 51.6 2.4 44.6 53.0 6.4 6.1 35.3 51.6 

Chemical analysis in the centre of samples showed that the deviation in the chemical composition of Ni is 1 - 
2 % relative to the content in the elemental mixture. Titanium seems to be significantly oxidized in an un-tight 
chamber. This results in the addition of oxygen. Sample 2 is closest to the initial composition that can be 
obtained when the condition of absence of oxygen in the synthesis zone is fulfilled. The chemical composition 
at the edge of the sample has no obvious dependencies. 

Table 3 X-ray crystallography quantification results 

Phase 

Sample 1 

Phase 

Sample 2 

Phase 

Sample 3 

Original HT Original HT Original HT 

NiTi 42.5 % 44 % B2 10.1 % 46.3 % NiTi0.8Cu0.2 19.9 % 20.2 % 

Ni3Ti 35.2 % 45 % B19' 71.1 % 37.5 % NiTi2 67.9 % 66.4 % 

Ni 6 % 2.7 % NiTi2 18.8 % 16.2 % CuTi2 6.7 % 7.2 % 

NiTi2 16.3 % 8.2 %    Ni 5.5 % 6.2 % 

Figure 5 Microstructure (zoom 200) after cladding in the centre of the sample (left) and on the border 
(right), where the samples before heat treatment: a - sample 1, b - sample 2, c - sample 3 and samples 

after heat treatment: d - sample 1, e - sample 2, f - sample 3 
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The phase composition of the initial samples 1-3 and after heat treatment is shown in Figure 6. The results of 
XRC show that the structure of sample 1 is characterized by two main phases of NiTi and Ni3Ti. The small 
amount of Ni is due to incomplete mixing of components in the melting process. Subsequent heat treatment 
promotes dissolution of the impurity phases. The results of the quantitative analysis are presented in  
Table 3.  

In sample 2, the presence of the austenitic and martensitic phases of nitinol, as well as the NiTi2 phase, is 
observed. Heat treatment significantly reduces the martensite content in the structure from 71.1 % to 37.5 %, 
and increases the proportion of the austenitic component to 46.3 %. In the sample 3 doped with Cu, the main 
one is the martensitic phase doped with Cu. Heat treatment did not significantly affect the phase composition 
of the sample. The results of measuring the hardness of the samples are presented in Figure 7. 

 

Figure 7 The hardness of the samples. Each 4th column shows an average value 

The wide spread of hardness values in sample 1 confirms the heterogeneity of the structure. Heat treatment 
did not significantly reduce the hardness, but only increased the homogeneity of the sample structure. 

4. CONCLUSION 

As a result of the paper carried out the samples of tubular form were produced by laser cladding from Ni and 
Ti elemental powders. 

Studies of microstructure showed a predominantly homogeneous structure in the middle of the sample and 
the presence of a pronounced zone of heterogeneous structure along the edges of the samples. The chemical 
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Figure 6 Phase analysis, where a - sample 1, b - sample 2, c - sample 3, curve 1 - initial,  
curve 2 - after HT 
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composition of samples at a distance of 0.5 mm from the edge is uncontrollable, so this part should be 
removed.  

Manufacturing in an un-tight chamber in an argon environment led to significant oxidation of the material. The 
"purest" sample from mixture 2 contains approx. 2 % oxygen, which is a good result considering the affinity of 
Ti to oxygen. Hardness measurements have also shown that sample 2 has the lowest hardness compared to 
other compositions, which may indicate the plasticity of the material. On average, the Ni content of all mixtures 
has a spread of 1-2 % of the original mixture, while Ti has a much greater spread due to oxygen substitution. 
As it is known, to control the temperature of martensite transformation, the values are 0.1 %, so it is not possible 
to accurately select the content of the initial components in this plant. 

The phase analysis showed that heat treatment allows to regulate the phase composition of samples 
synthesized by laser cladding and control the content of secondary phases Ni3Ti and NiTi2, as well as to 
increase the proportion of austenitic phase B2. 

Thus, the results obtained show the prospects for the synthesis of NiTi alloy by laser cladding and in-situ 
manufacturing of products. 
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Abstract  

The National Action Plan for the Development of Nuclear Energy in the Czech Republic envisages the 
preparation for the construction of two new blocks of the nuclear power plant in the location of Dukovany and 
the location of Temelín. Although the final supplier of these units is not clear yet, there are good prospects that 
some components could be produced by the local producers. The paper presents the principal results of 
development and verification of production technology of weld joints of pressure vessels components for 
primary circuits of the nuclear power plants of MIR 1200 type. Attention was focused to the influence of welding 
technology SAW and SMAW including post weld heat treatment on the final mechanical and fracture properties 
of welded joints of large forgings. Homogeneous weld joints were made of 10GN2MFA low-alloy steel while 
heterogeneous weldment was prepared from 10GN2MFA and 08CH18N10T stainless steel. The welded joints 
were subjected to a comprehensive evaluation of the material properties, especially the evaluation of macro 
and microstructure, tensile test and impact bending test as well as unconventional mechanical properties such 
as initial value of the J-integral, the stress intensity factor and low cycle fatigue limit. The effect of welding 
technology on the transition temperature (Tk0) of the weld joint was evaluated, too.  

Keywords: Steel 10GN2MFA, corrosion resistant steel 08CH18N10T, nuclear power plants of type MIR 
1200, welded joints, mechanical and fracture properties 

1. INTRODUCTION 

The main aim of the solution was to develop and verify the production technology of welding joints for MIR 
1200 nuclear power plant components. These weld joints are of high thickness and their design is 
technologically demanding with regard to safe operation. The given welding technology must ensure that many 
requirements for weld joints according to PN AEG-7-009-89 [1] and PN AEG -7-010-89 [2] regulations, such 
as the mechanical properties of both the weld joint and the weld metal and microstructure requirements, meet 
the requirements of non-destructive inspection regulations, achieve the required level of low cycle fatigue, 
exhibit sufficient resistance to stress corrosion cracking, and many more. Given the assumed lifetime of these 
weld joints of at least 60 years, many of the above requirements, especially in the case of unconventional 
properties, are not easy to achieve, especially in the case of heavy forgings. [1] An example of such a welded 
joint of a heavy forging is shown in Figure 1. 
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Figure 1 Drawing of real components used in nuclear power plant MIR 1200, corresponds to welds 2 and 3, 
photographic image from the welding process 

2. EXPERIMENTAL PROCEDURES 

Weld joints were selected for the experimental program: 

 weld 1 represents the circumferential weld joints of the vessel ring, this weld was made of 10GN2MFA 
steel using SAW technology in a narrow gap (Figure 2), 

 weld 2 represents the weld of heavy socket joints of 10GN2MFA steel using SAW technology (Figure 3), 

 weld 3 represents the weld joints of heavy socket SMAW (Figure 4), 

 weld 4 represents the weld of heavy socket joints of 10GN2MFA steel provided with an austenitic weld 
deposit on the inner surface again performed by SAW technology (Figure 5), 

 weld 5 represents heterogeneous weld joint made of 10GN2MFA and 08Ch18N10T steels with 
dissimilar weld (Figure6). 

The indicative chemical composition of this steel grade is given in Table 1 and the required mechanical 
properties at + 20 °C and at elevated temperature, together with the Tk0 transition temperature prescription, 
are given in Table 2.  

Table 1 Guide chemical composition of steel 10GN2MFA, (wt%). 

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

Min. 0.08 0.80 0.17 - - - 1.80 - 0.40 0.03 -- 0.005 

Max. 0.12 1.10 0.37 0.008 0.005 0.30 2.30 0.30 0.70 0.07 0.015 0.035 

Figures 2 to 5 shows macrostructure of homogenous 10GN2MFA - 10GN2MFA type of welded joints prepared 
for experimental programme (narrow gap, SAW, SMAW, SAW + austenitic base). Figure 6 then shows 
macrostructure of dissimilar weld with two-layer buttering and two-layer cladding made of a corrosion resistant 
steel. It is possible to observe all areas of the weld joint, i.e. the parent materials 08Ch18N10T, 10GN2MFA, 
buttering layers and corrosion resistant cladding, fusion lines and individual weld metal beads. 
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Table 2 Required mechanical properties 

Mechanical properties 

Transition 
Temperature 

TK0 

+20 °C +350 °C -10 °C 

Rp0.2 

(MPa) 

Rm 

(MPa) 

A 

(%) 

Z 

(%) 

KCV 

(J.cm2) 

Rp0.2 

(MPa) 

Rm 

(MPa) 

A 

(%) 

Z 

(%) 

KCV 

(J.cm2) 

345-590 540-700 18 60 59 min. 295 min. 490 15 55 39 max. -10 °C 

 

Figure 2 Macrostructure of weld1 

 
Figure 3 Macrostructure of weld 2   Figure 4 Macrostructure of weld 3 

 

Figure 5 Macros of weld 4 with evaluation of delta ferrite content using image analysis in austenitic  
weld deposit 
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Figure 6 Macrostructure of heterogeneous weld joint made of 10GN2MFA and 08Ch18N10T steels with 
transition overlay 

Specimens were cut out from each area of the weld joint to perform metallographic analysis of the 
microstructure. Figure 5 shows the macro and microstructure of weld metal in the weld axis. The basic 
microstructure is austenitic with contains amount of δ-ferrite. 

Table 3 Chemical composition of welded-joint areas, buttering layer and parent material (wt%) 

 Experimental  Standard requirement PNAEG-7-010-89 

A
re

a
 o

f 
w

e
ld

 

A1- weld 

A2 -
transition 

weld  

deposit 2. 
layer 

A3 - 
transition 

weld 
deposit1. 

layer 

A4- parent 
material 

 

A1- weld 

A2 - 
transition 

weld  

deposit 2. 
layer 

A3- 
transition 

weld  

deposit 
1. layer 

A4- parent 
material 

 

 
Sv04CH19-
N11M3+flux 

OF6 
EA400/10T EA395/9 10GN2MFA 

Sv04CH19-
N11M3+flux 

OF6 
EA400/10T EA395/9 10GN2MFA 

Si 0.4 - 0.6 0.3 - 0.7 0.6 - 0.8 0.0 - 0.4 0.3 - 1.2 0.3 - 0.7 1.0 0.17 - 0.30 

Cr 18.1 - 22.3 16.1 - 18.4 12.9 - 
16.3 - 16.0 - 20.0 16.1 - 18.4 14.0 - 

17.0 0.3 

Mn 1.4 - 2.0 1.3 - 1.8 1.4 - 2.5 0.8 - 1.0 0.8 - 2.0 1.3 - 1.8 0.8 - 2.0 0.8 - 1.0 

Fe 64.4 - 66.5 61.0 - 66.3 54.0 - 
65.9 96.2 - 97.5 - 61.0 - 66.3 - - 

Ni 7.3 - 12.4 9.2 - 13.1 12.7 - 
19.7 1.6 - 2.3 9.0 - 12.0 9.2 - 13.1 23.0 - 

27.0 1.8 - 3 

Mo 2.2 - 3.7 3.0 - 5.50 3.1 - 8.9 - 1.5 - 3.0 3.0 - 5.5 5.0 - 7.0 0.4 - 0.7 

V - 0.3 - 0.5 - - - 0 - - 

The evaluation of welded joints was performed in accordance with the PN AEG -7-010-89 regulation for 
mechanical properties - tensile test at room and elevated temperatures and impact test in bending. 
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Furthermore, the evaluation of unconventional properties was performed, namely fracture toughness tests and 
low-cycle fatigue tests, both at room and working temperatures, stress corrosion cracking resistance in water 
environment at working temperature and metallographic evaluation using light optical microscopy. Non-
destructive testing as well as metallographic analysis did not reveal any defects related to the welding process. 
The mechanical properties, including the transition temperature of all examined welds, met the requirements 
given in Table 2. In fact, the level of mechanical properties of the evaluated welded joints far exceeded the 
values prescribed by the standard [1]. The evaluation of the fracture behavior of welded joints is stated here 
as an example of performed material analyses. The evaluation was based on the fracture toughness 
parameters at a hot collector operating temperature 290 °C. The concept of the so-called R-curves interpreting 
the dependence of the fracture toughness parameter (J-integral, δ-critical crack opening) on the stable crack 
increment Δa was used for the evaluation. The obtained results are shown in Table 3. The evaluation of the 
fracture behaviour of weld joints at the working temperature in the form of R-curves is evident from the graph 
in Figure 7 and 8. The graph clearly shows the influence of welding technologies on the fracture behavior. The 
highest initial value of fracture resistance (corresponds to the value of the J-integral at the place of stable crack 
growth of 0.2 mm) was measured in weld 3 (welded by SMAW technology) in comparison with other welds 
produced by SAW method, see Table 3. However, it must be stated that the initial values of the J-integral are 
very high for all monitored welds and indicate a high toughness of the studied materials [3,4]. 

Table 3 Initial value of the J-integral or (δ) and the stress intensity factor KJ0.2 or (KδC) 

Weld J0.2 (N.mm-1) KJ0.2 (MPa.m1/2) 

1 125.5 166.1 

2 121.8 163.6 

3 160.0 187.5 

4 128.0 167.7 

5 δ (mm)  = 0.18 KδC (MPam1/2) = 150 

Table 4 Mechanical values of welds and corrosion resistant welds 

 Measured values PNAEG-7-010-89 

Testing 
temperature 

Weld area Weld 1 
Anti-corrosion 

cladding 1 
Weld 

Anti-corrosion 
clading 

Filler 
material 

Sv04Ch19N11M3 

+ flux OF6 
EA898/21B 

Sv04Ch19N11M3 

+ flux OF 6 
EA898/21B 

+20°C Rm (MPa) 597 - 12 649 - 670 min. 491 min. 539 

Rp0.2 (MPa) 406 - 471 449 - 479 min. 245 min. 343 

A (%) 28.0 - 38.0 33.6 - 40.4 min. 25 min. 16 

Z (%) 59.8 - 64.1 39.8 - 42.8 min. 35 min. 30 

+350°C Rm (MPa) 408 - 418 477 - 487 min. 343 min. 441 

Rp0.2 (MPa) 286 - 336 352 - 379 min. 196 min. 245 

A (%) 18.8 - 25.2 16.8 - 20.8 min. 15 min. 10 

Z (%) 65.7 - 75.2 28.6 - 35.6 min. 25 min. 20 
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Figure 7 R-curves at working temperature 290 °C 
welds under investigation 

Figure 8 Evaluation of fracture behavior of 
heterogeneous weld joint at 290 °C 

3. CONCLUSIONS 

The experimental program performed on five weld joints of heavy forgings intended for modern nuclear power 
plant components demonstrated that the welded joints completely fulfilled all requirements on mechanical 
properties, macrostructure, microstructure, fracture toughness and stress corrosion cracking in hot water. All 
obtained results were in accordance with the respective requirements stated in PNAEG-7-010-89. It can 
therefore be concluded that the manufacturer is able and ready to produce the weldments in question of the 
prescribed quality and the required conventional and unconventional properties. 
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Abstract  

Paper deals with tool steel of QRO90 Supreme type that was treated by four different heat treatments. Firstly 
only laser quenched, afterwards laser quenched with followed-up plasma nitridation, the third material was 
only nitrided by plasma and the last one was nitrided by plasma and subsequently laser quenched. 
Microstructures with purity and micro-hardness in different depths under surface were investigated, so that to 
find the optimised heat treatment leading to the most favourable mechanical properties of the studied steel 
with taking tribological properties into consideration. Obtained results were compared mutually including 
results from material after conventional quenching. Laser quenched material with followed nitridation shapes 
up as the most optimised heat treatment variant  

Keywords: QR090 Supreme tool steel, laser quenching, plasma nitriding, microhardness, microstructure 

1. INTRODUCTION 

Tool steels of new generation should show longer life time, higher hardness that can be reached using laser 
quenching (LQ) and/or plasma nitriding (PN). The LQ makes diffusion process in surface layers faster and the 
PN is able to make the treatment time by 2-8 hours shorter. By combination of both HT processes it is possible 

to increase material hardness, wear level and elastic modulus of nitrided layer 1. Simultaneously, porosity 
has been decreased and hardness has been increased without thickness change. Combination of both 

mentioned HT has been object of research 1 and tool steel of QRO90 Supreme is one of materials belonging 
to the target group.  

Tool steel of QRO90 Supreme is applied for stamping and mould casting. Both technologies are characterized 
in that the tool gives final product shape and are plenteously used for complicated products in shape without 
any other working. Such exact tools are expensive for production and must be made from special steel type. 
Steel used for hot forming must show a resistance against high temperatures and simultaneously against 
pressures and abrasion [2,3]. All tool steels for hot working are used in quenched and tempered state and tool 
steel must keep a high heat strength, plasticity, toughness, heat conductivity, creep strength, resistance 
against tempering and low heat expansion up to 550/650 °C [4,5]. For preservation of such properties up to 
higher temperatures effect of secondary hardness is used that can be reached by addition of carbides formed 
elements as Cr, W, Mo and V [5,6] and making softening lower.  

The aim of presented work is study of surface, resp. under surface layers of QRO90 Supreme tool steel after 
different combinations of surface laser quenching and/or plasma nitriding and finding an optimised way of 
surface heat treatment for mentioned steel with high mechanical parameters and finding the impact of 
hardness on tribological properties.       
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2. EXPERIMENTAL 

In dimension the same five samples of QRO90 Supreme tool steel (AISI H10) after different heat treatments 
(HT) for microstructure analyses were labelled as it follows. The BM represents basic material without any HT, 
sample labelled 1 laser quenching (LQ) up to 0.7 - 0.9 mm depth only, while sample 2 was after laser quenching 
up to 0.7 - 0.9 mm depth with followed plasma nitriding up to 0.2-0.3 mm depth (LQ+PN). Sample 3 was 
nitrided by plasma up to 0.2-0.9 mm depth (PN) unlike sample 4 that was nitrided by plasma and subsequently 
laser quenched up to 0.7-0.9 mm depth (PN+LQ). Conditions for heat treatments were in all cases the same. 
All samples were metallographically grinded and polished for study of their surfaces, resp. under surface areas, 
including purity, microstructure with grain size, hardness HV0.2 (LECO 2000) and diffusional layers. For 
qualitative linear chemical analysis SEM QUANTA 450 with EDAX Octane FEG was used. For light microscopy 
device Olympus IX 70 was at disposal. Chemical composition of QRO90 Supreme tool steel was followed (in 
wt%): 0.38C, 0.3Si, 0.75Mn, 2.6Cr, 2.25Mo and 0.9V. With exception of sample 1 (LQ) tribological tests were 
also carried out by means of PIN-on-DISC method. Wear coefficient W ranged from 1.9 mm3/N.m (BM) to (2.48 
- 2.9 mm3/N.m - all heat treated materials with the same character of abrasion, with even ruts and acoustical 
effects).  

Table 1 Results of micro hardness HV0.2 of investigated material BM after LQ, LQ1+PN, PN and PN+1LQ  

Sample after heat 
treatment /distance from 

surface (mm) 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

BM 595 586 587 570 589 600 578 576 593 584 

LQ (1) 681 644 619 614 600 581 488 494 481 484 

LQ+PN (2) 968 952 648 618 599 599 572 555 531 561 

PN (3) 880 723 694 581 590 572 581 563 580 547 

PN+LQ (4) 933 659 560 544 547 539 535 523 531 524 

   

Figure 1 Microstructure of basic material (BM) - two magnifications 

3. RESULTS AND THEIR ANALYSIS 

In BM globular oxides of D1 and DS0.5 types were found. Hardness ranged from 570 to 600 HV0.2, on average 
it was 586 HV0.2 as it from Table 1 can be seen. According ARA-diagrams 2 microstructure should be 
martensitic-bainitic one, however only martensitic microstructure with fine martensitic needles was detected, 
as it Figure 1 demonstrates and results from work 7 support. Average austenite grain size corresponded to 
7   4 μm, including also the highest sporadic occurrence of 15 μm grains.  

100 m 50 m 
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Microstructure of LQ material shows Figure 2. In laser zone ultrafine microstructure formed. White part of LQ 
layer is named molten zone and under that one heat affected zone (HEZ) can be detected. The LQ zone shows 
high homogeneity, abrasion and corrosion resistance. Hardness of that part showed 681 HV0.2. In depth of 
approx. 710 m (Figure 2a) the HEZ was observed with important fall of HV, under level of BM, as it from 
above mentioned BM results and Table 1 follows. Molten zone turned to martensitic heat affected zone. In 
molten zone extremely ultrafine martensitic microstructure with ultrafine carbides (of Mo and V type) was seen. 
On the surface approx. 10  1 m thick Fe oxide layer formed by Fe1-xO, Fe3O4 and Fe2O3 as an effect of high 
temperature and/or contamination of environment was observed 8.     

   

 
 

 

      

 

 

 

 

Figure 2 Microstructure of LQ material a) formed layers under surface, b) molten zone in detail,  
c) transition of molten zone into the HAZ and the BM 

                                                                                  

Figure 3 Microstructure of LQ+PN material a) formed layers under surface - 203 m represents mixed layer, 
1428 m layer includes all deeper detected zones b) white layer (white arrow), mixed layer (red arrow), 

diffusion zone (yellow arrow), martensite and HAZ bellow diffusion layer c) transition to the basic material 
from undersurface formed zones  

Figure 3a shows course of layers in LQ+PN material being in agreement with results of work 9. Thickness 
of mixed layer under surface was approx. 203 m subsequent diffusion nitride layer turned to laser quenched 
one and this layer to the HAZ being totally 1428 m in thickness as it Figure 3a demonstrates. Next layer 
represents unaffected material as it from Figure 3a follows. Maximal hardness was found in depth of 100 m 

100 m 

c 

100 m 600 m 

b 

a 

710 m 

20
3 


m

   
   

1428 m 

a 100 m 

c 

500 m 

b 
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(see Table 1), in which also maximal volume fraction of N was detected (5.8 wt%), together with  and  phases 
as it linear chemical analysis revealed. Up to 200 m distance away surface fall of HV0.2 was detected, where 
N level was stabilized on 3  1 wt%. In distance of 300 m hardness was stabilized on the lowest level as well 
as N portion (1.5-2 wt%).   

Under mixed layer a net of carbides and/or carbide nitrides can be observed. Nitrided layer (15  1m)¨is 
formed by Fe and N and this layer can be seen as a white one on the polished section and can be influenced 
by composition of nitridation atmosphere. In case of addition of C to mentioned atmosphere intermetalic phase  
 - Fe2-3N  is formed. This layer corresponds to range from 8 to 30 m in thicknes. In given case mentioned 
layer was 15 m. During standard gas nitridation more phase layers of -Fe2-3N and -Fe4N are formed. 10,11. 
Dark zone under above described layer represents diffusion part, when N atoms occupy the bcc lattice 
interstitial positionsins 10. Diffusion layer is noticeably thicker (see yellow arrow in Figure 3b). The grain size 
of the HAZ oscillated about 18 m. 

 

        

 

 

 

 

 

 

 

Figure 4 Microstructure of PN material a) formed layers under surface, b) transition white layer-diffusion 
zone in detail, c) transition from nitrided layer to BM 

Figure 4 shows material microstructure after PN. In 100 m depth maximal hardness (880 HV0.2) was 
detected. This one was increasing, up to 300 m faster and then was practically stagnated, lightly above the 
basic material level, as it from Table follows. Investigated steel falls into class of medium or high alloyed 
materials being able to reach hard layers, however thickness of diffusion zone is never higher than 0.5/0.6 
mm. Steels with Cr-Mo-V addition have achieved higher lifetime (max. 250 %) generally 11. The PN sample 
showed the highest portion of N on the surface and directly under surface (over 9 wt%). Each 0.5 wt% N 
decrease represented hardness fall by 50 HV0.2 approximately. In distance of 30-35 m only 3 wt% of N was 
revealed, while in distance of 350 m away surface it was 1.5 wt%. That level was practically stable up to 1 
mm depth. Diffusion layer corresponded to 236  20 m (Figure 4a), white layer to 5-9 m (Figure 4b). 
Average microstructure grain size of diffusion layer was 8 m, while transition to basic material revealed 12 
m grain size. Generally, properties of nitrided surface depend on applied temperature, because with 
decreasing temperature also hardness is going down, however not on nitriding time, because that takes 15 
hours approximately. Optimized tribological properties are the reason 11.      

Figure 5 represents microstructure of PN+LQ sample. Micro-hardness of that sample went down significantly. 
Higher micro-hardness was in depth of 100 m. After transition from diffusion zone to LQ one micro-hardness 
was stabilized on the half level and that corresponded to the BM. In this heat treatment variant nitrogen 
concentration was higher than in case of LQ+PN sample. In depth of 100 m micro-hardness was 933 HV0.2 

100 m 
a 100 m 100 m 

b c 

23
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afterwards it was 659 HV0.2 in depth of 200 m. With further nitrogen fall micro-hardness was evenly going 
down up to 560/540 HV0.2 in depth of 300/400 m. White layer length corresponded to 8  2m (Figure 5b), 
while diffusion zone was 316 m in thickness (Figure 5a). Micro-hardness of this sample was lower as it was 
already mentioned above. The reason has been nitrides formation after nitriding and their follow-up dissolution 
after LQ procedure and/or a change their interatomic distances after the LQ. The white layer has been also 
thinner (1.9 times) than in case of above mentioned sample LQ+PN. The grain size of diffusion zone 
microstructure corresponded to 6 m, unlike the layer of LQ (HAZ) microstructure being 12 m approximately.             

 

 

 

   

 

   

 

 

 

Figure 5 Microstructure of PN+LQ material a) formed layers under surface, b) transition white layer-diffusion 
zone, LQ, c) white layer and diffusion zone in greater detail 

 

Figure 6 Comparison of formed microstructures after 4 heat treatment variants on the surfaces, resp. directly 
under surfaces (magnification is the same in all cases)  

From the results follows, the most favourable variant of heat treatment could be taken LQ+PN material showing 
high hardness after LQ treatment by means of the surface/under surface white layer of extremely fine 
martensite of 22 m in local thickness (Figure 6) being further hardened after the PN treatment at temperature 
of 480 - 500 °C during 15 hours leading to a change of primary microstructure and to nitrides, resp. 
carbonitrides formation of fine size as it from Figure 6 follows. The primary under surface hardness (681 
HV0.2) after LQ process was increased by 42 % (968 HV0.2) - see Table 1. The second best results the PN+ 
LQ variant revealed on the surface, resp. under surface up to 100 m depth. In given case the primary micro-

316  
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                   LQ                                       LQ+PN                                        PN                                            PN+LQ 
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hardness of 880 HV0.2 was changed slightly on 933 HV0.2 (see Table 1) representing 6 % growth only, 
however in depth of 300 m fall of micro-hardness (560 HV0.2) was found already. This week effect of double 
heat treatment is not economical. It is necessary to state, all variants of heat treatments showed practically the 
same level of tribological results. In case of LQ+PN wear coefficient W = 2.62 mm3/N.m, while the PN+LQ 
variant revealed lightly better result (W = 2.48 mm3/N.m).      

4. CONCLUSION 

Beside basic treatment representing conventional quenching four heat treatment variants were applied on 
surface and under surface of tool steel of QRO90 Supreme including laser quenching (LQ), further LQ with 
plasma nitriding (LQ+PN), plasma nitriding (PN) and PN +LQ. Results were compared mutually. The lowest 
surface resp. under surface micro-hardness was generally detected in basic material (600 HV0.2).  

The highest micro-hardness was found on the surface resp. directly under surface in case of LQ+PN variant. 
The second highest micro-hardness on the surface resp. directly under surface corresponded to the PN+LQ 
variant, however in depth of 300 m approx. 40 % fall of micro-hardness was already revealed what can be 
elucidated by dissolution of primary formed nitrides after laser quenching in more slowly cooled region. The 
other in order was PN material, while the LQ one showed the lowest micro-hardness on the surface (681 
HV0.2). From point of tribological tests the best was basic material (wear coefficient W = 1.9 mm3/N.m), while 
the other treated materials showed practically comparable level of W = 2.48-2.9 mm3/N.m).   
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Abstract  

Ferritic-martensitic heat-resistant steels are used for high-temperature service applications in power plants 
and the petrochemical industry due to its high strength and creep properties at high temperatures. After the 
long-term operation under, structural changes are taking place, such as coarsening of precipitates and 
migration of alloying elements within carbides, leading to M23C6 carbide lattice expansion. The thermal aging 
effect on the structural changes of M23C6 carbide for P91 (9Cr, 1Mo) and P5 (5Cr, 0.5 Mo) steel was 
investigated after exposure up to 234 days at 700 °C. 

The electrochemical extraction method was used to extract carbide precipitates from the steel. The 
identification of alloy carbides and calculation of the M23C6 lattice parameter changes have been accomplished 
by XRD analysis using crystal structure parameters evaluation and Rietveld refinement method. Microstructure 
evolution and elemental composition changes were studied by SEM-EDX microanalysis. The chromium and 
molybdenum content in the M23C6 carbide, determined by SEM/EDX steadily, changes and approaches 
equilibrium as aging time increases. X-ray diffraction measurements show that the M23C6 carbide crystal lattice 
parameter increases at high-temperature exposure due to enhanced diffusion of alloying elements from the 
matrix into a carbide lattice. When the equilibrium for diffusion of the alloying elements is reached, the lattice 
parameter stops growing. The study shows a significant difference in aging behavior. The obtained knowledge 
of alloying elements diffusion and M23C6 lattice parameter transformation changes could be used as an 
indicator for the assessment of heat resistant steel after the long term service.  

Keywords: P91 steel, P5 steel, thermal aging, XRD analysis, carbides 

1. INTRODUCTION 

Standard specification ASTM A335 covers several grades of ferritic steels, containing up to 10 % chromium. 
Steels of this group have good resistance to corrosion and tensile strength at high-temperature service. Grade 
P91 (9 %Cr, 1 %Mo) steel is typically used in power stations, whereas grade P5 (5 %Cr, 0.5 %Mo) is more 
common for the application in the petrochemical industry.  

The addition of alloying elements allows the formation of carbide and carbonitride precipitates inside the matrix 
and along the grain boundaries. Extensive and relatively coarse M23C6 carbide precipitates along the grain 
boundaries. The presence of carbide precipitates plays an important role in the maintenance of proper 
mechanical properties of heat-resistant steel at elevated temperatures [1]. 

Long-term service of heat resistant steel at elevated temperature results in a degradation of microstructure as 
a result of coarsening of both grains and carbide precipitates and precipitation of new phases [2,3]. Carbides 
tend to coagulate within the boundaries of ferrite grains, combine into long solid compounds with clearly visible 
grain boundaries, meanwhile no fine, dispersive carbides are encountered [4]. With aging, the carbides within 
the grain interior are slowly transformed into M23C6 type of carbides [5]. 
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During operation at high temperature, Fe in the M23C6 carbide lattice is replaced by Cr and Mo because of 
diffusion of alloying elements from the matrix. Chromium and molybdenum have a larger atomic radius (0.125 
nm and 0.135 nm, respectively) than iron (0.24 nm) [6] so migration of these elements causes M23C6 carbide 
lattice expansion.  Lattice expansion is more affected by Mo because of a larger atomic radius compared to 
Fe and Cr atoms which have close atomic numbers [7]. 

In the 9 %Cr steel, the Cr and Mo content increased due to diffusion of those elements after 100 000 h at 
600°C [8,9]. X-ray spectroscopy (EDX) analysis of M23C6 precipitates showed that the ratio Cr/Fe continuously 
increases with heat treatment duration towards attaining the stable M23C6 [10]. Our previous research [11] has 
shown that within a certain range of aging time the M23C6 carbide lattice parameter value in P91 steel increases 
linearly when plotted on a natural logarithmic scale. The equation was derived for calculation of M23C6 lattice 
parameter value depending on the aging time at a given temperature. It was suggested that lattice parameter 
changes could be used as an indicator for the assessment of the actual thermal aging duration of heat resistant 
steel.  

Structural changes in P91 steel have been extensively studied, however, there are few publications on 5 %Cr 
steel aging. The present work aims to investigate the migration of the alloying elements into M23C6 carbide 
lattice at elevated temperature for both P91 and P5 heat resistant steels aged under the same conditions and 
to examine the effect of different chromium content on the M23C6 carbide crystallographic structure changes.  

2. EXPERIMENTAL  

Heat resistant ferritic-martensitic steel P91 and P5 samples were aged in the electric furnace at 700 °C for a 
predetermined time. Temperature accuracy was maintained within ± 1°C. The chemical composition of the 
investigated steel samples determined using Optical Emission Spectrometer Q4 Tasman is presented in  
Table 1.  

Table 1 Chemical composition of P5 and P91 steel  

ASTM A335 
steel:grade 

Element concentration, wt % 

C Si Mn P Cr Mo Ni Cu Al N Nb V 

P91 0.094 0.380 0.350 0.006 8.780 0.960 0.160 0.070 0.012 0.035 0.080 0.180 

P5 0.095 0.356 0.492 0.020 5.008 0.458 0.098 0.102 0.014 0.014 0.008 0.015 

Microstructures of samples were analysed by a scanning electron microscope. A polished steel microstructure 
was revealed by Vilella’s reagent. The microstructure of the as-received material is shown in Figure 1. The 
electrochemical extraction method was used to extract carbides from steel. Samples were etched in 5 % 
hydrochloric acid solution at 80 - 100 mA/cm2 current density for 8 - 10 hours. The precipitates of carbide 
residues were washed in distilled water and dried at 95 °C. 

The composition of extracted residues was analysed using a ZEISS EVO MA10 scanning electron microscope 
equipped with the Bruker XFlash 6/10 EDX detector. EDX measurements were performed on a residue powder 
distributed on a copper plate. Because of the small size of M23C6 carbide particles, their composition cannot 
be determined directly from the metallographic specimen, as Cr and Fe spectrum from carbide can overlap 
with the ones in the matrix. 

The XRD analysis of carbides from the extracted residues of the as-received and thermally aged steel samples 
were recorded with the Bruker D8 Advance diffractometer in a Bragg-Brentano configuration. CuKα wavelength 
radiation (tube voltage of 40 kV and current of 40 mA) filtered with Ni 0.02 filter was used. Data were collected 
over the diffraction range 2h = 25 - 100° with a step of 0.02° and counting time of 96 s per step using a fast 
counting detector Bruker LynxEye and a coupled two theta/theta scan type. 
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Figure 1 The scanning electron microscopy images of as-received P5 (left) and P91 (right) steel 

 

Figure 2 The scanning electron microscopy images of carbide precipitates: as-received P5 steel (a); after 
aging at 700 °C for 53 days (c); as-received P91 steel (b), after aging at 700 °C for 234 (d) days 

3. RESULTS AND DISCUSSION 

The microstructure is tempered martensite containing carbides and nitrides which are the strengthening 
precipitates. Our previous studies [11] by the X-ray diffraction and SEM/EDX revealed the presence of M23C6 
carbides and MX carbonitrides in as- received P91 steel and after thermal exposure. The M23C6 carbides for 
both P5 and P91 steel (Figure 1) are mainly located at prior austenite grain boundaries and along martensite 

a 
b 

c d 
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lath boundaries, while the smaller MX carbides and carbonitrides are predominantly distributed within lath and 
grains. After aging at 700 °C, the coarsening of M23C6 carbides occurs, mostly along grain and lath boundaries. 
The process of carbides coarsening at 700°C is particularly fast for the P5 steel (Figures 2 a, c), but a slower 
coarsening process is observed in case of P91 steel (Figures 2, b, f).  

Results of carbide M23C6 lattice parameter (a) measurements are shown in Figure 4, which indicates, that the 
value of parameter a increases with aging time duration. The M23C6 parameter a value for P91 changes in the 
first 40 days of aging then remains constant. The lattice expansion occurs due to the diffusion of alloying 
elements in the lattice of carbide. During this process, Fe atoms in carbide lattice were partly changed by Cr 
and Mo, but as diffusion coefficient of Cr is higher than Mo, consequently Cr atoms dominate in the M23C6 

lattice.  In P5 steel, the M23C6 carbide lattice parameter increases in the first 5 days of aging then remain 
constant. The increase of Mo in M23C6 for P5 steel during the aging process is substantial and is the main 
reason for carbide lattice expansion. 

 
Figure 3 Changes in elemental composition of carbide precipitates in P5 and P91 steel depending on  

aging time at 700 °C 
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Figure 4 The changes of lattice parameter a of carbide M23C6 in P5 and P91 steel depending on aging  

time at 700 °C 

4. CONCLUSION 

Electrochemically extracted carbides from P91 and P5 steel in as-received as well as in the exposed at 700 °C 
conditions were characterized by SEM EDX and XRD analysis. M23C6 carbide is rich in Cr as a main phase 
and carbonitrides M(C, N) rich in V and Nb as a minor phase were identified in P91 steel precipitates. 

The chromium content in the M23C6 carbide lattice of P91 steel steadily increases. On the contrary, in the case 
of P5 steel, the Cr content decreases and reaches equilibrium after a short aging time. Meanwhile, although 
the molybdenum amount in the M23C6 increases marginally in the case of P91 steel, the increase of Mo in 
M23C6 of P5 steel is substantial. The lattice parameter in M23C6 determined using x-ray diffraction increases in 
both P5 and P91 steel, but equilibrium is reached earlier in the case of P5 steel. 

Obtained results could be useful for the evaluation of heat resistant steel and prediction of remaining 
operational life. 
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Abstract 

Due to the efficient combination of a forming step with a consecutive heat treatment, hot-stamping has become 
an established technology for the production of high strength steel parts in the automotive industry. In the 
beginning, sheets are heated above austenitisation temperature and held in order to obtain a fully austenised 
microstructure, then formed and instantly quenched in the forming tool. To achieve the desired increase in 
tensile strength for the widely used manganese boron steel 22MnB5, cooling rates of at least 27 K/s are 
necessary. This requirement sets a high demand on the numerical process simulation in order to being able 
to predict the occurrence of component or process errors with a high degree of certainty. To achieve this, the 
exact knowledge of the local heat transfer coefficient is necessary, which dominantly determines the 
temperature distribution within the work piece and the die. Since there is none standardised test method for 
the determination of heat transfer coefficients exists, a practical test method is presented in this study. In 
addition to the use of a divisible temperature-measuring stamp, the method is based on a close coupling of 
practical experiment and iterative numerical simulation. With the method and tools shown in the scope of this 
paper, the heat transfer coefficient could be successfully determined as a function of contact pressure and tool 
start temperature, taking the process route of hot-stamping into account. Results are compared with literature 
knowledgeorder to demonstrate the performance of the determination method. 

Keywords: Hot-stamping, heat transfer coefficient, experimental determination method, numerical coupling 

1. INTRODUCTION 

Due to continuously increasing legal requirements regarding the reduction of emissions in the automotive 
sector, the continuous weight reduction of vehicle bodies is a main goal of OEM [1]. Hot-stamping has been 
industrially established as a manufacturing process since the 1970s and has been the subject of numerous 
publications. After pre-cutting, the initial blank is austenitised at temperatures above 900 °C in the furnace and 
then transferred to the press, formed and directly heat-treated by continuously cooled tools [2]. Despite many 
years of industrial application, this process still presents challenges and methodical development potential. In 
order to meet complex mechanical requirement profiles, many production steps and process components are 
currently being examined for improvements or alternatives. Because of the phase transformation behaviour of 
22MnB5, a cooling rate of at least 27 K/s - 30 K/s must be accomplished in order to ensure a complete 
transformation of the austenite into the high strength- and hardness-featured martensite [3]. While industrial 
focus so far has been mainly on achieving this process requirement, numerical process simulation enables 
precise planning of the locally different temperature routes and therefore the specific utilisation for individual 
control of part properties. Concepts designed in this way are classified as tailored tempering. FE simulations 
are an indispensable tool during the process design due to the high demands placed on temperature control 
accuracy. In order to ensure specific cooling rates during quenching numerically, it is necessary to characterise 
the thermal conditions of this process part. Since the major part of the heat transfer takes place shortly after 
the initial contact between the tool and the sheet metal [4], the heat transfer coefficient (HTC) is of particular 
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importance to avoid prediction errors during process simulations [5]. Subsequently, a practical method for 
characterising the heat transfer coefficient (HTC) is presented. 

2. METHODOLOGY 

Investigations on the HTC have been a widespread subject of research. However, since there is no conductive 
standard, a variety of approaches exists with regard to the experimental execution and the subsequent data 
evaluation. Altan et al. [6] presented the basic experimental setup consisting of two stamps in 1987. After that, 
Malinowski et al. [7] used an idealised finite element approach for the HTC determination. Merklein et al. [8] 
investigated the HTC under the process-adapted conditions of hot-stamping with an analytical calculation 
approach based on the cooling behaviour of the sheet sample. Caron et al. [9] showed an inverse calculation 
method of the HTC under consideration of the relevant temperature-dependent material properties and applied 
it to the tool approach- as well as the tool closure phase of the test. Conclusively, there is an agreement in all 
investigations that the HTC is strongly dependent on the contact pressure during the loading and the die 
temperature. In the context of this work, a practical combined experimental and numerical determination 
method is presented and explained focusing on an accuracy improvement of the temperature recording during 
the experiment. The applied combined determination approach is based on the implementation of an 
experiment and a parallel carried out FE simulation (Figure 1). In the experiment, temperature profiles are 
recorded under variation of the contact pressure, while in the simulation a digital twin of the experiment is build 
up to determine temperature profiles in relation to the HTC value. After the execution of both investigations, 
resulting temperature profiles are directly compared. If a data match is found, the corresponding contact 
pressure value is assigned to the HTC value set in the appropriate simulation.  

  

Figure 1 Method for the determination of the HTC Value 

The general test design to determine the HTC under hot-stamping conditions is an improved version of the 
approach described by Altan et al. [6]. Two heatable punches (Ø 60 mm) are used to apply contact pressures 
of up to 100 MPa in a forming simulator by Instron (Figure 2). Heating bands are used to preheat the tool 
parts, enabling a homogeneous temperature field to be applied. As suggested by Merklein et al. [8], spring-
loaded spacer pins were inserted in the lower die to prevent premature contact of the blank with the lower die 
before the tool is completely closed. The central aspect of the test tool for determining the HTC is the 
introduction of near-surface thermocouples. It is currently common practice to drill holes at a defined distance 
from the punch surface which are fitted with mantle thermocouples. Even though this method is applicable in 
general, it offers several problems. The contact between the mantle and the bore wall creates an additional 
heat transfer, which could be optimised with appropriate heat conducting paste, but continues to induce inertia 
in the temperature measurement. This is a disadvantage while recording sudden temperature fluctuations, as 
can be expected after the heated blank has been inserted in the tool. Furthermore, during the numerical 
determination of the HTC, it is decisive to set the correct position where the temperature curve was recorded. 
In addition to measuring the drilling depth, there is no other way to verify the exact position of the thermocouple 
in the punch with the current method. Finally, the drilling of a borehole leads to a disturbance of the temperature 
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field, which has to be corrected with the compensation method presented by Caron et al. [9]. In order to address 
these disadvantages, a new approach is presented in the context of this work consisting of a design update 
for the lower stamp (Figure 2, C). This consists of two separable halves, whereby three milled measuring 
channels (width: 2 mm, depth: 2 mm) were inserted in one stamp half. These have a distance of 0.5 mm, 
1.0 mm and 3.0 mm from the stamp surface. A type K thermocouple is welded into the end of each of these 
channels. Thermocouples inserted in this way are material-locked to the measuring point and are thus able to 
record highly dynamic temperature changes because of the inherent high measuring-response time. In 
addition, since the welded joint is accessible, the exact measuring position can be verified afterwards. 

           

Figure 2 Schematic HTC test setup design (A), experimental test setup (B) and separable measuring punch 
half (C) 

During testing, these thermocouples are connected to a multi-channel measuring amplifier by HBM set to a 
measuring frequency of 300 Hz. During the investigation, circular 22MnB5 blanks with AlSi coating, a thickness 
of 1.5 mm and a diameter of 80 mm are used. A type K thermocouple is attached to the surface in a groove. 
The blank diameter is selected bigger then the stamp diameter to ensure that the heat dissipation into the 
gripping tool during the transfer is not interfering the contact zone of the sheet to the punches. Before each 
test, blanks are heated in a separate furnace at 950 °C for 5 min to ensure complete austenitisation. The tool 
start temperature is set to 100 °C. Subqequently, the blanks are manually transferred and the die is closed for 
30 s at a defined press force.  

 

Figure 3 FE-Model for investigating the HTC Value (A) and detailed section of the measuring channels for 
the evaluation of temperatures (B) 

Parallel to the experimental investigations, a FE-model as shown in Figure 3 is built up on the basis of the 
used CAD data within the framework of Simufact.forming 15. A 3D half section approach with solid elements 
is chosen. This allows for the consideration of the milled measuring channels, so that the temperature 
correction described by Caron et al. [10] is not necessary. An ideal contact between all surfaces is provided 
via contact tables. The transfer phase is taken into account by setting the blank start temperature to 825 °C. 

A B C 
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This value was consistently experimentally recorded after a manual transfer time of approx. 6 s. For the blank, 
phase-depended thermal material data obtained from Oberpriller et al. [11] and Kießling [12] are used. For the 
punches (Tool steel: 1.2367 / X38CrMoV5-3 / H13modify), the thermal conductivity was set to 30.8 W/(mK) 
and the specific heat capacity was set to 460 J/(kgK) obtained from Wilzer et al. [13]. With this model, a series 
of simulations is carried out in which the HTC value is gradually increased from 1 kW/(m²K) up to 20 kW/(m²K). 
After the respective evaluation of the individual measuring channels, the temperature curves recorded in the 
real test are used for the comparison method as initially described. 

3. HTC DETERMINATION RESULTS 

The method presented below is used as an example for a temperature data set, recorded at a contact pressure 
of 40 MPa. The temperature measurement in Figure 4 (A) starts by taking the blank out of the furnace. After 
the above-mentioned transfer time, the closure time begins which is set to the timestamp t = 0 s. This closure 
is indicated by a sudden drop in the blank surface temperature to approx. 250 °C after 4 s. At the same time, 
the measured temperature in the measuring channel, 0.5 mm below the surface, already reaches a peak 
temperature of 300 °C after less than 0.5 s of the closure start (6.5 s total time). After reaching the maximum 
temperature, all measurements at this location show a distinct fluctuation caused by the impact of the tool 
closure. The intensity of this aberration rises with increasing contact pressure. Additionaly, the temperature 
measurement in the deepest channel (3 mm) shows time-delayed and reduced temperature peaks and is also 
unaffected by the impact of the tool closure. Subsequently, the sensitivity of the FE model to the variation of 
the HTC value is shown in Figure 4 (B, coloured lines). It is visible that low HTC values in the measuring 
channel 0.5 mm below the surface lead to a distinct variation of the resulting maximum temperature as well as 
the heating rates. However, the amount of the influence on the peak temperatures reduces with rising HTC 
values.  

 

Figure 4 Temperature measurement of the blank and punch thermocouples at 40 MPa contact pressure: 
Raw experimental data (A), HTC matching of the 0.5 mm measuring channel (B) and calculated temperature 

curves for HTC = 9 kW/(m²K) (C) 

For the final determination of the HTC, Figure 4 (B, dashed lines) displays the temperature measurements of 
two experiments at a contact pressure of 40 MPa in regard to the numerically calculated results. It becomes 
apparent that an HTC value between 9 kW/(m²K) and 12 kW/(m²K) is achieved in relation to the heating rates. 
If, on the other hand, the reached maximum temperature is compared, the HTC tends towards a slightly lower 
value, which can also be explained by inconsistencies during manual insertion of the blank. After the matching 
of an HTC value of 9 kW/(m²K) to the measurement at a contact pressure of 40 MPa, an additional validation 
step can be implemented by inspecting the temperature curve measured in the 3 mm deep channel. 

0

50

100

150

200

250

300

350

0 0.5 1 1.5 2

T
em

pe
ra

tu
re

 (°
C

)

Time (s)

Sim 4 kW/m²K
Sim 6 kW/m²K
Sim 9 kW/m²K
Sim 12 kW/m²K
Experiment 1
Experiment 2

0

50

100

150

200

250

300

350

0 2 4 6 8 10

T
em

pe
ra

tu
re

 (°
C

)

Time (s)

Sim 0.5 mm

Sim 3 mm

Exp 0.5 mm

Exp 3 mm

B C

0

100

200

300

400

500

600

700

800

900

0 1 2 3 4 5

T
em

pe
ra

tu
re

 (°
C

)

Time (s)

0.5 mm

3 mm

blank

aberation after 
closure impact

A

HTC = 9 kW/m²K
pressure = 40 MPa



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

577 

Figure 4 (C) shows a comparison between the experimentally measured temperature curves over a longer 
period of time and the numerically generated data. While a good agreement of the data can be seen in general, 
especially the agreement of the 3 mm sub surface measuring channel confirms the material data of the punch 
in respect for the thermal conductivity. Subsequently, this procedure was used to investigate the influence of 
contact pressure in a range from 5 MPa to 80 MPa. The maximum recorded temperature averaged values are 
shown in Figure 5 (A) in respect to the left y-axis. While there is a strong relationship between the contact 
pressure and the temperature reading in the 0.5 mm sub surface measuring channel, the influence on the 3 
mm sub surface measuring channel is comparatively low. Up to a contact pressure of 30 MPa, the maximum 
temperature recorded in the 0.5 mm channel rises linearly up to 275 °C. After that, a jump in the average 
temperatures can be noted. Because of the evidently higher standard deviation of the measurement at 40 MPa, 
an overestimation has to be assumed. Because the measurements for this work were started at this pressure 
level with a freshly machined tool surface first, it can be concluded that alteration effect due to growing oxide 
scale on the tool surface could be the reason for the comparatively high measurement inaccuracy at this 
pressure level. Since the standard deviation at the other pressure levels is much lower, the alteration of the 
tool surface is negligible after the first measurements. The temperature measurement at a contact pressure of 
80 MPa exceeds the process relevance of hot stamping, but illustrates that the temperatures in the punch are 
reaching a saturation value. The HTC values determined with the described matching method are presented 
in Figure 5 (A) plotted on the right y-axis. The pressure behaviour of the HTC is consecutively comparable to 
the temperature findings. Furthermore, the HTC values are compared to the results in the literature quoted in 
this study (Figure 5, B). All studies show an agreement in a rising HTC value over the contact pressure. Since 
all studies are based on a non-standardised experimental method and data evaluation, the occurring deviations 
are rated as comparatively low. The determination method presented in this paper can therefore be 
recommended for process simulations with a distinct focus on the appearing tool surface temperatures with 
the emphasis on a high contact pressure range. 

 

Figure 5 Maximum tool temperatures in regard to the contact pressure in combination with determined HTC 
values (A) and Comparison with literature data (B) 

4. CONCLUSION 

For the quenching stage of a hot-stamping process, a practical method for obtaining heat transfer coefficients 
is presented. By designing a divisible stamping tool, welded thermocouples can be applied in measuring 
channels with defined spacing from the surface providing a verifiable measuring location and a fast measuring 
response time. Subsequently, a suitable FE-model is built up to map HTC values to specific pressure values 
with an iterative comparison method of the temperature values. Because of the specimen dimension in relation 
to the force potential of the testing machine, pressure ranges of the HTC in the literature could be extended. 
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While this process window extension may not be relevant for common hot-stamping operations, it presents a 
valuable addition when special hot-stamping related operations are considered such as adding an additional 
joining step as presented by Stockburger et al. [15]. 
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Abstract 

Due to their high tensile strengths increasing the crashworthiness of the vehicles, ultra-high strength steels 
are increasingly used in the automotive industry, for example in components like B-pillars or tunnel. 22MnB5 
is a premier candidate for this cause, since it can be press-hardened and phase-transformed into the 
martensitic phase, resulting in high hardness and tensile strength. However, complications can arise in the 
assembly of press-hardened components since conventional mechanical joining processes have their 
limitations due to high forces required for joining press-hardened steels, especially in multi-sheet layers. 
Therefore, this study focuses on the determination of an optimum process window to influence the 22MnB5 
microstructure thermo-mechanically during press hardening, causing a local softening. This so-called 
deformation-induced ferrite improves ductility at the desired locations to ease the mechanical joining operation 
in the assembly. Investigations are performed on a forming dilatometer varying the cooling rate, the introduced 
amount of plastic strain and the forming temperature along with metallographic as well as microhardness 
measurements. Based on the laboratory tests, a process window of the deformation induced ferrite is derived 
for an application in a forming press. 

Keywords: Press hardening, manganese boron steel, deformation induced ferrite 

1. INTRODUCTION 

Major focus in the automotive industry in recent times is to reduce energy consumption and emissions while 
improving crashworthiness and driving safety. This can be achieved by making the vehicle lighter through 
removing additional weight or using materials with high strength to weight ratios [1]. Press hardening, also 
known as hot stamping, is a combination of hot forming and a heat treatment in the forming tools. Ultra-high 
strength steels like 22MnB5 can be formed into complex shapes, which is not possible with regular cold forming 
operations. The applied press-hardened components in the automotive industry are chassis components like 
A-pillar, B-pillar, bumper, roof rail, rocker rail and tunnel [2]. For press hardening 22MnB5, the sheet metal is 
first heated in an oven to a temperature above austenitisation temperature, such as 930 °C. The sheet is held 
at this temperature for a certain time, in general 6 min, to ensure a fully austenised material and a sufficient 
diffusion of the AlSi coating. Afterwards, the sheet is transferred to a forming press, hot deep drawn and 
subsequently cooled in the forming tool. The critical cooling rate of 22MnB5 to induce diffusionless martensitic 
transformation is 27 °C/s. The resulting martensitic structure is responsible for the high strength of the 
component around 1,500 MPa. However, components with high strength properties are difficult to join 
mechanically and they may not provide sufficient connections especially in multi-sheet joints [3]. Therefore, 
special techniques have been developed to obtain tailored properties in a given component by varying the 
austenitisation approach, by modifying the quenching process or by adding an annealing step after cooling. 
Another possibility to change the microstructure transformation behaviour of steels is a mechanical treatment 
at high temperatures. Due to a deformation of an austenised material, the phase areas in the continuous 
cooling transformation diagram are shifted to lower times. In order to achieve a completely martensitic 
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microstructure in 22MnB5 for a deformation of 10 % at 800 °C, a critical cooling rate of 50 °C/s instead of 
27 °C/s is required as shown in Figure 1 [4]. 

 

Figure 1 Continuous cooling transformation diagram of 22MnB5: (A) without deformation and (B) with 10 % 
deformation at 800 °C of the austenised material according to [4] 

Furthermore, the formation of ferrite above the actual ferrite start temperature is possible. Ferrite formed this 
way is called deformation induced ferrite (DIF) [5]. By forming the austenite, some of the deformation energy 
is stored in it, lowering the nucleation energy and leading to DIF formation [6]. Various parameters influence 
the DIF creation besides the cooling rate, such as the forming temperature and the amount of plastic strain. 
As the forming temperature decreases, the amount of DIF increases. This is due to the increase in flow stress 
with decreasing temperature. Therefore, a higher force is required to form the material, increasing the 
deformation energy stored in the austenite. Min et al. determine the DIF creation after austenitisation between 
forming temperatures of 600-800 °C [7]. The highest amount of DIF is at 600 °C and the lowest DIF content is 
measured at forming temperatures of 800 °C. No DIF is formed at 900 °C. Regarding the amount of plastic 
strain, the DIF creation increases with higher plastic strain due to the increase in dislocations in the 
microstructure and thus to an increase in the stored deformation energy [8]. 

 

Figure 2 (A) Initial conditions for self-pierce riveting, (B) creating the local softening in the austenised 
material and (C) joining with adapted mechanical properties according to [3] 

In this study, the effect of DIF creation will be used to locally deform the sheet material prior to martensite 
formation in order to achieve softer areas, as shown in Figure 2. The deformation will be carried out in the 
flange of the component directly after hot deep drawing and before die quenching. The local DIF creation and 
therefore softening improves mechanical joining like self-pierce riveting. Therefore, parameters such as the 
forming temperature, the amount of plastic strain and the cooling rate, have been varied in dilatometric 
experiments to investigate an optimal process window for applying the local deformation in the 22MnB5 
component after hot deep drawing. 
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2. DILATOMETRIC METHODOLOGY 

To analyse the effect of different parameters such as the cooling rate, the amount of introduced plastic strain 
and the forming temperature on the manganese boron steel 22MnB5, dilatometric experiments are conducted 
using the quenching and forming dilatometer DIL 805A/D+T from TA Instruments in tension mode (Figure 3 A). 
The specimen measuring area is 1.5 x 3 × 10 mm, in which the blank thickness is 1.5 mm and the length in 
rolling direction is 10 mm. The detailed dimensions of the specimens are also shown in Figure 3 A. The 
specimens are cut by water jet. A thermocouple with a diameter of 0.2 mm is spot welded in the middle of the 
specimen’s surface to control the specimen’s temperature. In the dilatometer, the specimens are heated to 
930 °C with a constant heating rate of 15 °C/s and kept for 6 min to obtain uniform austenite in the steel. The 
specimen is then cooled to different forming temperatures T 500, 600, 700 and 800 °C with 15 °C/s, at which 
the deformation is induced. The amount of plastic strain ε in the specimen is also varied from 0, 0.1, 0.2 and 
0.3 at a constant strain rate of 0.2 s-1. To study the phase transformation from austenite to martensite, bainite, 
perlite and ferrite, the cooling rate %LM of 20, 30, 50 and 80 °C/s is chosen. Figure 3 B shows the experimental 
scheme of the dilatometric study to examine the effects of different process parameters on the hardness of the 
sample. The values are chosen based on the industrial process route of press hardening 22MnB5. For each 
parameter combination, five specimens are tested to ensure a statistical security. 

 

Figure 3 (A) Forming dilatometer in tension mode with specimen dimensions and (B) temperature-time 
history of the tensile tests with the state variables of the process 

Metallography of the thermo-mechanically treated specimens is performed to analyse the phases regarding 
the resulting microstructures. The metallographic specimens are cut from the middle region of the dilatometric 
specimen at the position of the thermocouple by wet cut-off grinding. Subsequently, the metallographic 
specimens are mounted in epoxy resin and polished to a mirror finish by using 2000, 1200 and 500 mm grit 
SiC paper followed by 0.003 and 0.001 mm diamond paste. A 4 wt% nitric acid alcohol solution is used to 
reveal the microstructure. The micrographic observation is performed on the Polyvar Met optical microscope. 
The Vickers hardness is measured using the microhardness tester QNESS Q10 A+ according to HV0.1 and 
the hardness is taken through the thickness direction with five locations selected in the middle of the specimen. 
The mean value of hardness is thus determined and taken as the hardness value in HV0.1. 

3. RESULTS AND DISCUSSION 

The initial microstructure of the 22MnB5 sheet is shown in Figure 4 A. A fine-grained ferritic-perlitic texture is 
visible. The tensile specimens are firstly heat treated as described and to display the effect of DIF creation, 
first parameters from literature are tested. Therefore, a cooling rate, such as 50° C/s, higher than the critical 
one (27 °C/s) is chosen after forming at 700 °C and the amount of plastic strain is set to 0 and 0.3. For the 
undeformed sample, a fully martensitic microstructure is observed and for an amount of plastic strain of 0.3, 
creation of DIF can be detected (white coloured areas). Further, the cooling rate is set in the range of the 
critical cooling rate, such as 30 °C/s, and the amount of plastic strain is varied from 0 to 0.3. For the undeformed 
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sample with a cooling rate of 30 °C/s, a martensitic is noticeable. By increasing the plastic strain to 0.3, a lot 
of DIF can be detected. The investigations by the visual analyses can be confirmed by the hardness 
measurements in Figure 4 B. The initial microhardness of the untreated material is 189 HV0.1 and rises 
because of the heat treatment with cooling of 50 °C/s up to 451 HV0.1. Forming at 700 °C introducing a plastic 
strain of 0.3 reduces the microhardness to 387 HV0.1. If the specimen is cooled with 30 °C/s after the heat 
treatment, the resulting microhardness is 441 HV0.1 and therefore marginally less than cooling with 50 °C/s. 
By introducing a plastic strain of 0.3 at 700 °C and cooling with 30 °C/s the occurring microhardness is 
283 HV0.1 including a high amount of DIF. This illustrates very clearly the DIF effect and the influence of a 
deformation on phase transformations. 

 

Figure 4 (A) Micrographs and (B) hardness with standard deviation for the initial microstructure, variation 
of the amount of plastic strain and of the cooling rate 

Figure 5 A shows the microstructure of the specimens after undergoing the thermo-mechanical treatment in 
the dilatometers for various amounts of plastic strain at a constant forming temperature of 600 °C and a cooling 
rate of 80 °C/s. The forming temperature is chosen as 600 °C, since the temperature in the flange of a 
component after hot sheet metal forming can result in a temperature range of 500-600 °C [3]. The highest 
cooling rate is chosen as 80 °C/s due to the maximum cooling rate of the forming dilatometer in tension mode 
and due to the high cooling rates while press hardening. 

 

Figure 5 (A) Micrographs and (B) hardness with standard deviation for different amounts of plastic strain 

For the undeformed specimen and for a plastic strain of 0.1, a fully martensitic texture is obtained. For a plastic 
strain of 0.2 a combination of martensite and DIF occurs. With a higher amount of plastic strain, a consistent 
increase of DIF (white coloured areas) is observable. Increasing the amount of plastic strain from 0 to 0.3 leads 
to a decrease in the hardness also indicating a fewer content of the hard martensitic phase and a higher 
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percentage of the softer DIF (Figure 5 B). Since a sharp drop of hardness values for plastic strains from 0.1 
to 0.2 is noticeable, a plastic strain of at least 0.2 should be considered for the process application. Higher 
plastic strains might lead to excessive forming forces. 

Based on further results, different forming temperatures are investigated using a plastic strain of 0.2 and a 
cooling rate of 80 °C/s. The forming temperature is varied from 500-800 °C. The micrographs in Figure 6 A 
show an increase of the DIF (white coloured areas) from a forming temperature of 800 °C to 700 °C. The 
amount of white coloured areas stays constant for lower forming temperatures. The variation of the forming 
temperature leads to a gradual decrease in the average microhardness values from 486 to 420 HV0.1 
(Figure 6 B). The drop from 800 °C to 700 °C is the highest by 38 HV0.1. For forming temperatures up to 
500 °C, the change in hardness is very marginal, almost constant due to statistical deviation. Therefore, the 
forming temperature of the application in the forming press should be around 600-700 °C to create a high 
amount of DIF and to reduce the forming forces. 

 

Figure 6 (A) Micrographs and (B) hardness with standard deviation for different forming temperatures 

In Figure 7 A, the influence of the cooling rate is demonstrated. The amount of plastic strain is 0.2 and the 
forming temperature 600 °C. The forming temperature and the amount of plastic strain are defined based on 
prior conclusions. The highest cooling rate is chosen as 80 °C/s and subsequently reduced to 50 °C/s and 
20 °C/s. The amount of DIF increases sharply as the cooling rate decreases from 80 °C/s to 20 °C/s. The 
metallographic analysis of the samples shows an increase in the concentration of the DIF. For comparison, 
the specimen with maximal hardness (Cooling rate 80 °C/s, plastic strain 0) is also depicted. The effect of the 
cooling rate is also displayed by the measurements in Figure 7 B as the hardness drops from 423 HV0.1 to 
291 HV0.1 for a decrease of the cooling rates from 80 °C/s to 20 °C/s. 

 

Figure 7 (A) Micrographs and (B) hardness with standard deviation for different cooling rates 
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The high decrease in hardness following a reduced cooling rate from 50 °C/s to 20 °C/s is caused by falling 
below the critical cooling rate of 27 °C/s. Obviously, the cooling rate has the biggest impact on the phase 
transformations and the DIF creation. Therefore, for the application in a forming machine, the cooling rate 
should be higher than the critical cooling rate of 27 °C/s to create martensite in the component, but as low as 
possible to locally create DIF in the desired areas. This leads to an optimal process window for the cooling 
rate in between 30-50 °C/s introducing a plastic strain of at least 0.2 at a forming temperature of 600 °C. 

4. CONCLUSION 

In this article, the influence of forming temperature, amount of plastic strain and cooling rate on the 
microstructure of 22MnB5 is experimentally studied via thermo-mechanical treatment of dilatometer specimens 
and metallographic as well as microhardness measurements of the treated specimens. A process window is 
established for the different parameters. The amount of plastic strain affects the DIF creation positively during 
the hardening of 22MnB5. A strain of at least 0.2 induces softness of significance required for the further use 
in multi-sheet joining. Also investigated in the study is the influence of forming temperature and a temperature 
of around 600 °C is chosen. Furthermore, a slow cooling rate between 30-50 °C/s is suggested. Therefore, 
areas in the component without plastic deformation will be hardened and with plastic deformation will be softer 
due to DIF. In further research, these parameters will be used to design a press hardening process of a 
component like B-pillar with local deformation to create DIF in certain areas to improve mechanical joinability. 
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Abstract 

The prevention of welding distortions is one of the most important and, at the same time, most difficult issues 
in welding engineering. The above-named distortions result from the combined effect of the shrinkage of 
solidifying weld metal and the shrinkage occurring in the partially melted zone (primarily in the HAZ). Welding 
distortions often preclude the obtainment of proper joints in large-sized elements and, could even lead to the 
disqualification of the final product failing to satisfy related standard requirements concerning maximum 
distortion values. In spite of extensive research focused on welding distortions, they remain the primary issue 
accompanying the making of steel structures. Various industrial sector organisations express their need for 
solutions making it possible to forecast the presence of welding distortions. The possibility of forecasting the 
probable structure imperfections during assembly and the prevention of such imperfections as early as at the 
design stage and when scheduling assembly make it possible to reduce costs and delays resulting from the 
removal of distortions. The use of appropriate methods can reduce welding distortions yet it does not ensure 
their entire elimination. Engineering practice relies on analytical methods involving calculations of total 
distortions present in elements of welded structures having one and two-sided longitudinal welds, transverse 
distortions generated during the butt welding of sheets as well as local distortions generated as a result of the 
loss of stability of thin-walled welded structures. Knowledge concerning possible welding distortions can also 
be obtained by performing FEM-based numerical analyses concerned with the welding of structures. 

Keywords: Welding, welding distortions, hull section, shipbuilding industry, FEM 

1. INTRODUCTION 

The prevention of welding distortions is one of the most important and, at the same time, most difficult issues 
in welding engineering. The above-named distortions result from the combined effect of the shrinkage of 
solidifying weld metal and the shrinkage occurring in the partially melted zone (primarily in the HAZ), which, in 
turn, result from plastic strains and phase transformations. Welding distortions often preclude the obtainment 
of proper joints in large-sized elements and could even lead to the disqualification of the final product failing to 
satisfy related standard requirements concerning maximum distortion values [1,4].  

Welding distortions occur along with stresses generated in the welded joint area as well as in areas located 
farther from the joint. Such stresses can be detrimental to the welded structure in terms of its load-carrying 
capacity as they may combine with externally-induced stresses. The above-named stresses could reduce the 
time of safe operation of the structure subjected to fatigue or trigger the formation of brittle cracks at the initial 
stage of structure operation. In spite of extensive research focused on welding distortions, they remain the 
primary issue accompanying the making of steel structures. Various industrial sector organizations express 
their need for solutions making it possible to forecast the presence of welding distortions in large-sized steel 
structures as well as enabling the determination of the effect of appropriate methods (e.g. fixing clamps, 
counter-distortions) aimed to limit the formation of distortions [3-6].  

The possibility of forecasting the probable structure imperfections during assembly and the prevention of such 
imperfections as early as at the design stage and when scheduling assembly make it possible to reduce costs 
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and delays resulting from the removal of distortions. The use of appropriate methods can reduce welding 
distortions, yet it does not ensure their entire elimination. For this reason, the forecasting of distortion-triggered 
consequences is of great importance. Knowledge about possible structure defects when designing the process 
of assembling and that of welding can be utilized to prevent the occurrence of unwanted results through, 
among other things, providing allowances in elements being welded. Engineering practice relies on analytical 
methods involving calculations of total distortions present in elements of welded structures having one and 
two-sided longitudinal welds, transverse distortions generated during the butt welding of sheets/plates (and 
surfacing) as well as local distortions generated as a result of the loss of stability of thin-walled welded 
structures. Knowledge concerning possible welding distortions can also be obtained by performing FEM-based 
numerical analyses concerned with the welding of structures [5-9]. The issue of welding distortions is also 
present in the prefabrication of the hull structure, where the generation of distortions (if any) is additionally 
affected by the welding of stiffening elements (representing 1st and 2nd order) to flat sections. In addition, 
welding distortions could also result from the welding of complex sections composed of flats and/or trough 
sections such as deep tanks in the mid-ship, sections of superstructures as well as the double bottom of the 
bow and stern peak [10,11].   

2. TEST OBJECTS 

The test objects included a flat section and stiffeners made of ship plate grade A in accordance with ASTM 
A131. The dimensions of the elements, the location of the stiffeners and the welding sequence are presented 
in Figure 1. In each case, the welding process was initiated on the same side of the plate. The section was 
placed on a 15 mm thick steel table. The welding linear energy amounted to 7.45 kJ/cm whereas the welding 
rate amounted to 45 cm/min. The welding process was performed using flux-cored wire ⌀1.2 mm grade 
Outershield 71M-H (Lincoln Electric). 

   

Figure 1 a) Dimensions of the flat section and the arrangement of the stiffeners of the first grade, b) welding 
sequence 

Measurements of welding distortions, focused on a fragment of the element subjected to welding, were 
performed using a Dantec Dynamics Q-400 Multicamera Digital Image Correlation system and 3 cameras 
5MPx (Figure 2). The first stage involved the measurement of the plate before welding. The second 
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measurement was carried out after the completion of the welding process and the cooling of the element. The 
difference between the measurement results obtained before and after welding constituted the value of 
displacements. 

     

Figure 2 Fragment of the flat section and the stiffener used in the measurements of welding distortions 
and the Dantec Dynamics Q-400 Multicamera Digital Image Correlation system 

The visual assessment and the measurements involving the use of the optical system revealed the corrugation 
of the flat section (Figure 3). The maximum value of displacement, amounting to 14.1 mm, was observed in 
the corner of the plate. The measurements focused on the analysis of the displacements in the direction 
perpendicular to the surface of the flat section. The reason for the aforesaid analytical approach resulted from 
the significant value of the above-named displacements in comparison with the values of the displacements in 
the remaining directions.  

 

Figure 3 Z-displacement (perpendicular to the flat section) field of the fragment of the welded elements 

3. FEM NUMERICAL ANALYSIS 

The approach used for the modelling of the welding process and applied in the FEM model was based on the 
“Imposed Thermal Cycle” method implemented in the SYSWELD software. In the aforesaid method, a specific 
fragment of the welded joint is subjected to the effect of the welding thermal cycle. In the above-named FEM 
model, the weld is divided into segments subjected sequentially to the thermal cycle determined using the 
model with the moving Goldak heat source [12]. The modelling of the geometry of the element subjected to 
welding involved the use of shell elements based on midsurfaces. The flat section and the stiffeners of the first 
order were modelled using shell elements based on midsurfaces. In turn, the welding process was modelled 
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using the “Imposed Thermal Cycle” method by dividing the weld into segments sequentially subjected to 
welding thermal cycles; the weld was modelled using shell elements. Preseted boundary conditions aimed to 
model the section restraint conditions during the actual welding process. The flat section was restrained using 
a welding clamp and placed on a steel plate. The model involved the application of the boundary conditions of 
symmetry and restrains in all directions representing the effect of the welding clamp on the system (Figure 4). 
The effect of the table on the element during welding was modelled by means of the “stop” boundary condition, 
preventing the displacement of the nodes in the y-direction (normal in relation to the section). The model also 
involved taking into consideration the effect of gravity force. 

 

Figure 4 Preset boundary conditions a) of symmetry, b) restraint in all directions  
and c) “stop” boundary condition  

 

Figure 5 Field of displacements in the normal direction in relation to the section surface, mm 

4. TEST RESULTS 

The tests focused on the analysis of the displacements in the direction perpendicular to the surface of the flat 
section. The reason for such an approach resulted from the significant values of the above-named 
displacements in comparison with the values of the displacements in the remaining directions. Figure 5 
presents the field of displacement in the normal direction in relation to the section subjected to welding. The 
maximum value of displacement amounted to 12.7 mm. It was possible to observe the characteristic 
corrugation of the plate, similar to that presented in Figure 3. The FEM calculation results were compared with 
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the values measured using the optical system (Figure 6) and a gap gauge (Table 1). The difference between 
the calculated displacement and the displacement measured using the optical system in points nos. 1 and 2 
amounted to 11 %. 

b)  

 

Figure 6 Displacement in the normal direction in relation to the section surface a) measurements of the 
actual element (performed using the optical system) and b) FEM calculation results 

Table 1 Results of displacements in the normal direction in relation to the section surface in points 1 and 2 in 
accordance with Figure 6 

Point Optical system-based measurement results (mm) FEM calculation results (mm) 

1 14.1 12.7 

2 9.1 10.1 

5. CONCLUSIONS 

Because of their low rigidity, spatial-flat elements are particularly susceptible to welding distortions. In cases 
of large welded sheets/plates with stiffeners it is often necessary to make long welds, frequently resulting in 
shrinkage and, consequently, in the corrugation of a given element. 
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The above-presented procedure used for the modelling of large-sized elements enables the obtainment of 
computational results consistent with those obtained in actual conditions. In comparison with the method based 
on the moving heat source, the application of the “Imposed Thermal Cycles” method (implemented in the 
SYSWELD software) in the FEM numerical model reduces time necessary to calculate welding distortions 
consistent with those observed in the actual welding process. The time of calculations can be additionally 
reduced (without compromising the correctness of calculation results) by applying thin (i.e. shell) elements in 
the FEM numerical model.   

The method discussed in the article can be successfully applied in the forecasting of welding distortions in 
large-sized welded structures.  
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Abstract 

The micro-alloyed steel 38MnVS6 (38MnSiVS5 or 38MnVS5) applied mostly in the automotive industry (for 
example production of forgings), has a high yield point and relatively good wear resistance. Aim of the study 
was preliminary to analyse the influence of twice the normalization process of micro-alloyed steel 38MnVS6 
on its microstructure and mechanical properties. The normalization process was made in two steps in a pusher 
furnace PP-300 at temperatures 910 °C (cooling under the fan 5200 rpm) and 880 °C (cooling in open air). 
The total normalization time was 16200 seconds each time. Yield strength, tensile strength and hardness were 
analysed. Analysis was occurred based on results of the normalization process of three forgings for use in the 
automotive industry, ball-shaped and weight 28 N, forged from a temperature of 1250 °C from micro-alloyed 
steel 38MnVS6. It has been shown that carrying out two processes for normalizing micro-alloy steel 38MnVS6 
allows achieving its homogeneous and fine-grained microstructure and obtaining better mechanical properties 
and thus filled the gap regarding the lack of analysis of the impact of the normalization process on 38MnVS6 
steel.  

Keywords: 38MnVS6, mechanical engineering, normalization process, mechanical properties, quality of 
product 

1. INTRODUCTION 

The dynamic development of industry caused that need for reliable and relatively low-cost production of 
products has become a key in making the effective actions of enterprises as part of their sustainability 
development [1-3]. These actions are referred in particular to the minimization of the costs of logistic actions, 
thermal treatment and realization production process time [4]. As part of these activities particularly important, 
mainly in the automotive industry [4], is using the micro-alloy steel, for example, 38MnVS6 (38MnSiVS5, 
previously marked 38MnVS5) [5,6], so the medium-carbon-manganese steel [7,8], about an application to 
controlled cooling from forging temperature. It results among others from content for example Al, Ti or V, which 
allows the growth of steel strength, without hardening and tempering. Addition, the 38MnVS6 steel has high 
yield strength and good wear resistance [1,9]. Therefore, it has particularly application to production the 
automotive components in the form of forgings [10,11], for example crankshafts [12], and also engine pistons, 
which successfully replace pistons from aluminum-silicon alloy [13]. Using the micro-alloy steel, although that 
steel needs the mechanical machining constituting approx. 50 % - 60 % of all production costs [4], is allowed 
to reduce the energy and production costs [7,11,14], for example compared to heat-treated steel or hardened 
steel by 30 % and 20 % respectively [1]. Also, in the context of reduction of cost by production among others 
forgings made of micro-alloy steel, it is important the fact that when are produced under the right conditions, 
they do not require normalization. It results from micro additions introduced into steel, which allows creating a 
homogeneous and fine-grained structure, preventing the growth of recrystallized austenite grains [15]. 
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However, if the need arises to the normalization of micro-alloy steel, which the aim is creating required 
microstructure and mechanical properties of steel, it anyway this process is less expensive than normalization 
of the alloy steel [16]. In the context of normalization of the micro-alloy steel, the authors of works [16,17] 
analysed the mechanical properties and microstructure of normalized micro-alloy steel with including the 
influence of micro additions, i.e. Nb [17], zirconium and titanium [17]. At work [17] in context of based on the 
weld, it was shown that as increases holding time at normalization temperature 920 °C, the microstructure of 
the columnar grain zone (CGZ) is modified from one column grain to one equiaxed grain (both in joint with the 
addition of Nb and without the addition of Nb). It also was shown, that the mechanical properties have not 
shown the clear changes with increases holding time at normalization temperature 920 °C, both with the 
addition of Nb and without the addition of Nb. Also, for example, with increases holding time at normalization 
temperature the hardness of weld with Nb was increased, but the elongation and impact strength have 
decreased significantly. Whereas at work [16] the influence of zirconium and titanium in connections were 
analysed, for microstructures and mechanical properties, among others the micro-alloy steel, and it was 
comparing the results with the low-alloy stainless steels. It was concluded, i.a. the presence of sludge 
contributes to the improvement of strength and impact strength of steels containing micro-alloy in the heat-
treated condition. However, though the analyses in the context of normalization of micro-alloy steel it was 
concluded that not analysed the normalization one of the micro-alloy steel i.e. 38MnVS6 (38MnSiVS5 or 
38MnVS5) [4], which is mainly used in the automotive industry [10-13]. At the same time, as part of the review 
of the literature on the subject, it was shown that this steel is an important research area.  

The steel 38MnVS6 was analysed for example in terms of machinability [4], elastic properties after the 
hardening process [18], as well as the influence on its microstructure of the controlled forging and cooling 
process [1]. For example, at work [12] authors were analysed the steel machinability, by the influence the 
cutting speed, cutting force and feed speed for flank wear and hardness of TiN coated carbide tool inserts. It 
was concluded, that machined chips are regular and discontinuous, therefore it was considered that steel 
machinability is more effective than the alloy steels about the same hardness (i.e. AISI 1405 and AISIS 5140) 
heat-treated at the same conditions. In turn, at work [1] was analysed the influence of controlled forging and 
cooling process on the structure of steel, analysed the parameters of the process, value and temperature of 
strain, and also the cooling speed after forging. It was shown, that the smallest austenite grain is possible to 
achieve by 70 % strain and at temperature 850 °C in the final stage of the forging process, while the authors 
of [18] analysed the elastic properties of steel after the induction hardening process. In the part of analysis, 
the steel sample was annealed before quenching. The analysis was shown that in effect if annealed the 
changes of elastic properties were done, where the transverse wave speed was highest than longitudinal wave 
velocity, and at the same, it was caused the increase in Poisson's ratio about 0.32 %.  A review of the literature 
on the subject indicates that so far the analysis of the micro-alloy steel were making, but these analyses did 
not include double normalization of 38MnVS6 steel. Therefore, it was concluded that it is a gap, in view of 
shown importance of micro-alloy steel 38MnVS6 in the production of products mainly from the automotive 
industry [4,10-13]. Therefore, the aim of the work was to analysed the influence of double normalization of 
micro-alloy steel 38MnVS6 as part of changing its microstructure and mechanical properties. The analysis was 
made based on research results obtained from enterprise ForgeX Polska Sp. z o.o. localized in Podkarpacie. 
The research was concerned about double normalization in the context of the pursuit of achieving the required 
microstructure and mechanical properties of the forgings from micro-alloy steel 38MnVS6. 

2. SUBJECT OF STUDY AND MATERIAL 

The micro-alloy steel 38MnVS6 (38MnSiVS5, before called 38MnVS5) [5, 6] is medium-carbon-manganese 
steel 38MnVS6 [8, 10], which is one of main of unhardened steels [7] about destiny for controlled cooling from 
forging temperature. One of the benefits using micro-alloy steel 38MnVS6 is the content of micro alloys, for 
example V (Table 1), which allows on the growth of steel strength without necessarily hardened and tempered, 
which in turn off allows reducing the production costs [7,14]. 
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Table 1 Chemical compositions of micro-alloy steel 38MnVS6 [7,9,19] 

Component C Si Mn P S Cr V N V 

Content [%] 0.34 - 
0.41 

0.15 - 
0.80 

1.20 - 
1.60 

<0.025 0.02 - 
0.06 

<0.30 0.08 - 
0.20 

0.01 - 
0.02 

0.08 - 
0.20 

The steel 38MnVS6 because i.a. has high yield strength and good wear resistance [1,9] has applies to the 
production of hot forged products from the automotive industry [9,12,14] for example car forgings [10] which 
are the subject of this work. The subject of the study were three forgings with a ball shape and weight 28 N, 
forged from temperature 1250 °C from 38MnVS6 steel, which choice resulted from the need of achieving their 
required mechanical properties (Figure 1).  

 

Figure 1 An example of forging after shot blasting process [source: own study]  

The aim of making the double normalization process was to achieve the required microstructure and 
mechanical properties of 38MnVS6 steel, which are presented in Table 2. 

Table 2 Set of required mechanical properties 

Hardness [HBW] Yield Strength Re 
[MPa] 

Tensile Strength 
Rm [MPa] 

Elongation A5 [%] KVmin [J/cm2] 

4.51 - 3.97 ≥ 450 600 - 770 ≥ 15 27 

As the part of selected subject of the work, it was analysed main, selected mechanical properties, ie. yield 
strength (Re, MPa), tensile strength (Rm, MPa) and hardness (HBW). During the measurements it were used, 
among others testing machine ZWICK BZ200/SN6S-M and impact hammer Charpy LabTest CHK300J. From 
three pieces of samples with dimensions 105 mm  105 mm, a bite of material from protruding material from 
micro-alloy steel 38MnVS6 (rolled steel mill material) was cut. The bit of material was obtained in effect material 
overheating in a gas furnace at temperature 1250 °C and forging by a five-ton hammer, which was cooling 
was on free air. Next, the bit of material was heated in the gas furnace at temperature 1250 °C, in a matrix on 
the five-ton hammer, receiving forging with a ball shape and weight 28 N, which was cooling was on free air. 
Then, forgings were double normalized in a pusher furnace PP-300. In the first step of normalization, the 
furnace was heated to 910 °C, and cooling took place with a fan about parameters 5200 rpm. In the second 
step, three normalized forgings were normalized again (i.e. double normalized), where the furnace was heated 
to 880 °C, and cooling was on free air. Total time of normalization both in the first and second steps was 16200 
seconds (i.e. 4h 30 minutes) by moving the tape every 1800 seconds (i.e. 30 minutes). The results achieved 
of selected mechanical properties after each step of the machining stage were analysed. 
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3. RESULTS 

The set of the mechanical properties selected for analysis after the double normalization process of three 
forgings from 38MnVS6 steel is shown in Table 3. 

Table 3 The set of selected mechanical properties 

 

Step of process 

Mechanical properties   

Sample 
number 

Re (MPa) Rm (MPa) HBW 

Material from the smelter 1 - 2 - 3 578 - 568 - 593 822 - 821- 852 234 - 249 - 241 

A bite after forging 1 - 2 - 3 530 -509 - 521 867- 808 - 817 266 - 252 - 252 

Forging without heat 
treatment 1 - 2 - 3 512 - 514 - 505 825 - 833 - 825 249 - 249 - 252 

Forging after normalization 1 -2 - 3 413 - 478 - 424 751- 752 - 756 224 - 224 -217 

Forging after normalizing 
twice 1 -2 - 3 480.59 - 473.5 - 463.01 733.83 - 767.38 - 741.08 - 

    
a) b) 

  

Figure 2 A comparison of the microstructure of micro-alloy steel 38MnVS6 in zoomed 500, digestion: nital, 
a) before double normalization, b) after double normalization [source: own study] 

After analysis the values of selected mechanical properties for three samples cut from initial material from 
38MnVS6 steel (i.e. material from the smelter), and also a bite after forging and forging without heat treatment, 
incompatibilities meeting properties of tensile strength, which were exceeded 770 MPa were shown. Next, it 
was demonstrated that made one time of normalization process allow achieved only selected mechanical 
properties, resp. yield strength and hardness. Despite this, the yield strength was not achieved yet, which for 
samples about numbers 1 and 3 were respectively equal 431 MPa and 424 MPa. In turn, it was shown that 
made double normalization process was effective and allows achieved all intended mechanical properties. 
Additional, during analyses the microstructures of 38MnVS6 steel was analysed before and after double 
normalization process (Figure 2) by using a metallographic optical microscope OLYMUS PMG 3. It was 
concluded that the double normalization process was allowed achieved homogeneous, fine-grained perlite-
ferritic microstructure. 

20 m  20 m 
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4. CONCLUSION 

Making the right actions of enterprises in part of their sustainable development is a necessary area in pursuit 
of continuous improvement [3,20-22]. One of the key actions of enterprises from the automotive industry is the 
right machining steel under to achieving its need properties. Therefore, the aim of the work was preliminary 
analysed the influence of the double normalization process of micro-alloy steel 38MnVS6 on its microstructure 
and mechanical properties. Analysis was made based on results of the normalization process, regarding 
normalization three forgings about ball shape and weight 28 N, forged from a temperature of 1250 °C from 
micro-alloy steel 38MnVS6, having applications in the automotive industry. The selected properties were 
analysed, i.e. hardness, yield strength and tensile strength. It has been shown that carrying out two processes 
for normalizing micro-alloy steel 38MnVS6 allows achieving its homogeneous and fine-grained microstructure 
and obtaining better mechanical properties. It was demonstrated the influence double normalization process 
of microstructure and mechanical properties of 38MnVS6 steel, and thus the gap was filled regarding the lack 
of analysis of the impact of the normalization process on 38MnVS6 steel. The applied improvement procedure 
may be of interest for other industry branches i.a. in steel industry [23-25], corrosion resistance [26,27] coatings 
[28] and bioceramics [29-31] as well as in management [32-34]. 
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Abstract  

Structural steel 34CrMo4 is frequently used for producing of hydrogen cylinders. For selecting material of 
cylinder is very important to know fatigue and fracture behavior of material directly in hydrogen environment, 
especially from the point of view of safety during operation. Submitted paper summarizes test results of fracture 
toughness measurement at static loading measured in pure hydrogen environment at pressure 15 MPa. 
Experiments in hydrogen environment were performed in hydrogen autoclave developed by MATERIAL AND 
MATERIAL RESEARCH Ltd. Test method was chosen in accordance with ČSN EN ISO 11114-4, method B. 
Resistivity against unstable fracture or crack growth is measured using stepped increasing of stress intensity 
factor applied to a specimen. Test process was monitored by potential method. Post-test examination including 
fracture surface analysis using scanning electron microscope was performed for better understanding of 
unfavorable effect of hydrogen on crack tip of specimen. Test results confirmed significant change of fracture 
mechanism in comparison with fracture behavior in the air. 

Keywords: Fracture toughness, hydrogen environment, potential method 

1. INTRODUCTION 

In METAL 2019 conference was presented first part of evaluation of fatigue and fracture behavior of 34CrMo4 
steel in high-pressure hydrogen environment which was focused on fatigue crack growth rate [1]. This steel is 
frequently used for producing of hydrogen cylinders and for the purpose of qualification of cylinder is also 
necessary to know fracture behavior of this steel at static loading. Moreover it belongs also to the group of 
steels with higher tensile strength (approximately 1000 MPa), therefore there is an assumption of susceptibility 
to hydrogen embrittlement connected with occurrence of intercrystalline fracture. Among other factors with 
significant effect on hydrogen embrittlement of material belong chemical composition, microstructure, 
nonmetallic inclusions, secondary phases and grain boundaries [2]. Three methods for evaluation of material 
resistance against hydrogen embrittlement are described in ČSN EN ISO 11114-4 standard [3]. This standard 
also specifies requirements for usability of material for hydrogen cylinders producing. For experimental 
program was chosen an approach specified by method B, where is material resistance against hydrogen 
embrittlement measured using C(T) specimens with thickness coming from wall thickness of cylinder. Pre-
cracked specimen is subsequently stepped loaded until failure. On the base of calculated values of stress 
intensity factor at failure and/or significant crack growth is assessed degradation of material in high pressure 
hydrogen environment. 

2. EXPERIMENTAL MATERIAL AND TEST METHOD 

Two sets of specimens from two heats of 34CrMo4 were used for testing. From each cylinder were machined 
C(T) specimens with thickness 7 mm and width 25 mm. All specimens were pre-cracked with maximum value 
of stress intensity factor approximately 22 MPa.m1/2. One specimen was at first loaded in the air in accordance 
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with standard for quasistatic fracture toughness [4]. This measurement was used as a reference for 
comparison with experiments performed in hydrogen environment.  

Whole experiments in high-pressure hydrogen environment were carried out in hydrogen autoclave built-in to 
servohydraulic testing machine MTS 100 kN. The autoclave with 0,5 l volume was developed and produced in 
MATERIAL AND METALLURGICAL RESEARCH Ltd. and can be also used without testing machine for 
specimen exposure in gaseous environment. Experiments were performed at pressure 15 MPa. Loading the 
specimens was carried out in accordance with ČSN EN ISO 11114-4 standard [3]. At first was each specimen 
loaded to the stress intensity factor K = 20-25 MPa.m1/2. After 20 minutes of loading at this stress intensity 
factor was applied force increased, so that stress intensity factor was increased by 1 MPa.m1/2. This procedure 
was repeated until crack growth was detected or unstable fracture occurred.  

On the specimen surface was welded electrodes for potential method. Principles of ACPD and DCPD methods 
and their differences were in more details described in [1]. As well as in previous experimental program was 
chosen a method that combines advantages of ACPD a DCPD, developed by Korec [5]. Position of electrodes 
on specimen surface was the same as in the case of fatigue crack growth rate. Crack growth is detected by a 
change of measured potentials. Figure 1 documents onset of crack extension, Figure 2 shows unstable 
fracture occurrence.  

 

Figure 1 Onset of crack extension detected by potential method 

 

Figure 2 Unstable fracture detected by potential method 
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After each test was measured initial crack and crack growth on fracture surface and final value of stress 
intensity factor was calculated.  

3. TEST RESULTS AND ITS DISCUSSION 

First specimen was tested in the air at room temperature according to ČSN EN ISO 12135 [4]. Notch opening 
displacement was measured on the front face of specimen. In Figure 3 is documented test record force vs. 
notch opening displacement. Specimen was loaded until maximum force was achieved. After unloading was 
specimen broken in liquid nitrogen and stable crack growth was measured on fracture surface 

 

Figure 3 Test record of fracture toughness measurement in the air 

From obtained data were calculated basic parameters of fracture toughness that are summarized in Table 1. 

Table 1 Fracture toughness parameters of 34CrMo4 steel in the air at room temperature 

Provisional fracture 
toughness 

KQ [MPa.m1/2] 

Stress intensity factor at 
unloading 

KJc [MPa.m1/2] 

Stress intensity factor at 
maximum force 

KJcmax [MPa.m1/2] 

Stable crack growth 

a [mm] 

 

83.2 312.5 283.2 0.72 

Fracture behavior of 34CrMo4 steel in the air is characterized by occurrence of ductile crack extension. 
Relatively high values of fracture toughness parameters testify to good resistance of studied material against 
unstable fracture and/or stable crack growth in the air. 

For testing in high pressure hydrogen were used the same C(T) specimens. Test conditions were described 
in chapter 2. Due to limited closed space into the autoclave were the tests carried out without sensor for notch 
opening displacement measurement. Taking into account test results analysis prescribed by standard [5], were 
the resultant values of stress intensity factors compiled on the base of equations for linear - elastic fracture 
toughness. Test results are summarized in Table 2.  

Main test results, stress intensity factor at the time of failure, are possible to compare with test results obtained 
from fracture toughness in the air. From this comparison is clearly visible significant decrease of stress intensity 
factor in high-pressure hydrogen environment. In a simple approach may be concluded, that specimens loaded 
in hydrogen environment were broken and/or crack growth was observed at applied force at which was 
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specimen loaded in the air still in linear-elastic area. Quite high scatter of resultant values was observed which 
may be related to heterogeneities in material microstructure. 

Table 2 Fracture toughness results of 34CrMo4 steel in high pressure hydrogen environment 

Specimen ID 

 

Initial crack length 

a0 [mm] 

Stable crack growth 

a [mm] 

Stress intensity 
factor at 

unloading / fracture 

Kmax [MPa.m1/2] 

 

Failure type 

L1-A 12.66 1.68 94.3 stable crack growth 

L1-B 12.84 1.56 52.1 stable crack growth 

L1-C 12.64 - 40.5 unstable fracture 

L1-D 12.71 - 50.8 unstable fracture 

L1-E 12.55 - 41.9 unstable fracture 

L1-F 12.77 - 38.3 unstable fracture 

L1-G 12.67 1.74 72.5 stable crack growth 

L2-A 12.85 - 70.5 unstable fracture 

L2-B 12.78 - 58.4 unstable fracture 

L2-C 12.68 1.12 71.9 stable crack growth 

For post-test examination were broken specimens subjected to analysis using scanning electron microscope. 
For this analysis were selected three representative examples. 

Specimen L1-C was broken at low value of stress intensity factor 40.5 MPa.m1/2. Fracture morphology taken 
by scanning electron microscope is documented in Figure 4. In Figure 4a is visible ragged fracture surface. 
At higher magnification was observed combination of transcrystalline and intercrystalline fracture (Figure 4b). 

            
(a)                                                                                     (b) 

Figure 4 Fracture surface of specimen L1-C 

Specimen L1-B was unloaded at stress intensity factor 52.1 MPa.m1/2 after detection of crack growth by 
potential method. In this case was on fracture surface, more precisely in area of stable crack growth, observed 
combination of transcrystalline and intercrystalline fracture. In this case was portion of intercrystalline fracture 
higher. Fracture surface at higher magnification is shown in Figure 5. 
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Figure 5 Fracture surface of specimen L1-B with predominant portion of intercrystalline fracture 

 

Figure 6 Fracture surface of L2-A specimen  

             

(a)                                                                    (b) 
Figure 7 Fracture surface of specimen L2-A of (a) zone I and (b) zone II 

Two different areas were observed on fracture surface of L2-A specimen that was broken at higher value of 
stress intensity factor 70.5 MPa.m1/2. Both areas, shown in Figure 6 were again created by combination of 
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transcrystalline and intercrystalline fracture. Difference between these areas is higher number of transverse 
cracks in area adjacent to initial crack. Fracture surface of both areas is documented in Figure 7. 

4. CONCLUSIONS 

Experimental program was focused on evaluation of effect of high-pressure hydrogen environment on 
degradation of 34CrMo4 steel. Test conception was based on fracture toughness approach with the use of 
standard ČSN EN ISO 11114-4 which prescribes test methods for selecting materials for cylinders production. 
All tests were carried out in hydrogen autoclave with 0.5 l volume. Fracture behavior of 34CrMo4 steel in the 
air at room temperature is stable crack growth. This behavior is expected for this steel and is accompanied by 
higher values of fracture toughness parameters. 

Significantly different fracture behavior was observed in hydrogen environment. In the case of all 10 specimens 
of two heats, which were used for testing, were stress intensity factors corresponding with crack growth or 
unstable fracture, very low. Exposure of loaded pre-cracked specimens in high pressure hydrogen leads to 
process of hydrogen embrittlement on the crack tip with consequent occurrence of intercrystalline fracture. 

Test results confirm susceptibility of high strength steels to hydrogen embrittlement. Therefore manufacturing 
process of hydrogen cylinders is necessary to optimize from the point of view of metallurgical purity and heat 
treatment also for the purpose of reduction of hydrogen embrittlement effect. 
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Abstract  

Very popular and highly employed steel grades such as the 9 % Cr CSEF steels are limited in terms of service 
temperature mainly due to capping their steam oxidation resistance capabilities at temperature levels, required 
by the drive for efficiency increase. For heat-exchangers manufactured from conventional materials, the 
formation, growth and spallation of oxide scale on the steam side may eventually impair plant operations and 
damage other downstream components. To address the requirements of the energy market considering these 
new requirements, Tenaris developed the Tenaris High Oxidation Resistance (THOR®115) CSEF steel grade. 
Easy weldability is a key property of steel grades and is decisive whether or not a material is adopted by power 
plant manufacturers. This paper presents the welding experience of THOR®115 grade assigned to power 
industry. In contribution, results of non-destructive and destructive tests gained during first steps of welding 
homogenous welded joints are presented. 

Keywords: THOR®115, welded joints, power plants, microstructure, mechanical properties, steel 

1. INTRODUCTION 

The alloy composition of the CSEF steel grade THOR®115 was developed as an improvement to the popular 
ASME BPVC edition 2013 grade 91, using similar alloying principles, but aiming at improved performance. 
The chromium content was increased to improve steam oxidation resistance by promoting the formation of a 
Cr-rich, compact and passivating scale when exposed to high temperature steam. Cr also provides solid 
solution strengthening. In addition the Mo and Nb contents were lowered, to prevent the formation of unwanted 
secondary phases, such as Laves and Z-phase, after ageing at service temperature [1].  

THOR®115 develops a fully tempered martensite microstructure after normalising and tempering. 
Degenerating long term microstructural stability mechanisms of the CSEF steel family operating at elevated 
temperature include the Laves and the Z phase. THOR®115 copes with these mechanisms as follows. The 
appearance of Laves intermetallic compound is avoided due to a reduced Molybdenum content. The 
appearance of Z phase is delayed exploiting the superior stability of V-rich carbo-nitrides compared to Nb-rich 
ones, as the kinetics of the detrimental Z phase is faster in case of Nb-rich carbides than in those rich in V. As 
a consequence, the THOR®115 alloy aims at a much higher V:Nb ratio than other CSEF steel grades. 
Consequently it shows no Z phase in the microstructure of aged material of up to 15 kh when exposed to 
temperatures in the range 600 °C to 650 °C [1]. Crept specimen and material sample exposed on field in a 
Power Plant shows that the appearance of the Z-phase is delayed compared to that of grade 91 or other 11-
12Cr% steels, thus validating the long term microstructural stability of this material. The solid line the  
Figure 1 present the onset of Z-phase appearance in 11-12 %Cr steels and grade 91 for service condition 
characteristic temperature levels as observed by [5]. Aged THOR®115 material represented in Figure 1 as 
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dots shows that the first appearance of Z-phase is delayed even when compared to gr. 91, a steel grade with 
a lower Cr content. 

Another improvement of THOR®115 compared to 9%Cr steels is its steam oxidation resistance, due to the 
increase in Cr content. Steam oxidation is a steel degradation mechanism, which includes material loss, 
caused by chemical reactions between iron and oxygen, amplified in boiler components operated at high 
temperature levels and heavily fluxed by water vapour. The steam oxidation resistance of steel grades can be 
a limiting factor in determining the lifetime of highly exposed components, resulting in component’s thickness 
reduction. In addition, the oxide scale is significantly less thermal conductive than the base material, causing 
thermal gradients and potentially creating local hot-spots on the heat-transferring surfaces. Oxide scales may 
accumulate and produce clogging, therefore choking the working fluid flow [3]. The steam oxidation resistance 
of THOR®115 has been assessed within different testing campaigns carried out by the Oak Ridge laboratory, 
while exposing material coupons (3 × 15 × 20 mm) in steam (filtered, deaerated and deionized water with 
~0.06 µS/cm conductivity atomized into the furnace) at temperature 600 °C, 625 °C and 650°C. After each 
500-h cycle, material coupon mass changes were measured on a Mettler Toledo scale model XP205 and the 
specimens were sectioned and polished to examine the oxide thickness and morphology. The same test has 
been performed on 9 %Cr as reference. Figure 2 shows the behaviour of the total oxide layer at different 
temperature for grade 91 and for THOR®115. the thickness of the oxide layer in the case of THOR®115 
remains constant with the temperature in the range 600 °C - 650 °C, while for a 9 %Cr steel an increase in 
temperature leads dramatically to an increase of the oxide layer [4]. 

 

 

Figure 1 Evolution of Z phase at different 
ageing conditions - laboratory tests. Time-

temperature-precipitation diagrams [2] 

Figure 2 Evolution of total oxide layer after 11 kh  
of exposure in steam atmosphere for THOR®115  

and grade 91 [4] 

In order to validate the steam oxidation resistance of THOR®115, testing under cyclic temperature conditions 
has been performed since May 2015 as THOR®115 tubes have been installed in a commercially operated 
HRSG in Italy. The results validate THOR®115 ’s noticeable steam oxidation resistance when operated under 
steam temperature cycles of 580-625 °C, a temperature range which is characteristic for modern commercially 
operated power plants. The results of the field steam oxidation tests are comparable to the ones observed in 
laboratory [5]. Based on the finding and the internal assessment performed by some HRSG vendors and their 
experience it can be concluded that THOR®115 doesn’t require a corrosion allowance to be added to the 
integrity based minimum wall thickness calculation, resulting in a total weight decrease of a heat-exchanger 
made of THOR®115  compared to grade 91 or 92. The parameters for the production of the welded joint 
described in the article were selected by the authors on grounds of available publications as well as their own 
experience [6-10]. The welded joint was produced in „ZELKOT” in Koszecin, Poland.  
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2. OBJECT OF TESTS 

The subject of the study was a pipe (ø 50.8 × 10.1 mm) made of THOR®115 steel, manufactured by Tenaris. 
The chemical composition of the steel is detailed in Table 1. The mechanical properties of THOR®115 steel 
as delivered are presented in Table 2. The tubes were welded with GTAW in 5G uphill position. 

Table 1 Chemical composition of examined steel acc. to MTR 

Contents of chemical elements, wt% 

C Mn Si Cr Mo Ni V Nb N 

0.09 0.47 0.15 10.78 0.51 0.15 0.24 0.034 0.0042 

Table 2 Mechanical properties of tested steel acc. to producer’s quality cert 

Mechanical properties 

Re 

MPa 

Rm 

Mpa 

A 

% 
HV10 

Re 

MPa 

650 oC 

Rm 

MPa 

650 oC 

615 681 27.5 224 214 255 

The welded joints were made using the TIG (141) method in the PH position (5G from bottom to top according 
to ASME). Due to the fact that there is currently no dedicated welding consumable for THOR®115 steel, 
Tenaris recommends using the filler material for steel grade 91 - W CrMo91. In order to check the influence of 
various additional materials on the quality of welded joints, two other filler metals - S Ni 6082 and EPRI 87 
were also used. Table 3 lists the chemical compositions of the used materials. 

Table 3 Chemical composition of filler metal acc. to producer’s data 

Grade 
Contents of chemical elements, % 

C Mn Si Cr Ni Mo Nb Ti V Al Fe 

W CrMo91 0.09 0.51 0.25 9.0 0.63 0.94 0.052 - 0.22 - rest 

S Ni 6082 0.035 2.99 0.08 20.0 rest - 2.42 0.35 - - 1.27 

EPRI P87 0.11 1.55 0.16 8.52 rest 2.02 1.09 - - - 38.8 

After welding, according to the pipe manufacturer's recommendations, the welded joints were subjected to 
stress relief annealing at a temperature of 760 °C for a period of 60 minutes. After the post weld heat treatment 
(PWHT), non-destructive tests were performed (VT, PT and RT). These tests were carried out taking into 
account the quality level B according to PN-EN ISO 5817. After obtaining positive NDT test results, joints were 
sampled for destructive testing. The scope of destructive testing included: tensile test, bending test, impact 
tests, macro- and microscopic metallographic tests, hardness measurements. 

3. RESEARCH RESULTS 

Tensile test of the welded joints were performed to determine the tensile strength (Rm) and to verify the results 
obtained due to the required minimum Rm value for the parent material (MR), which is 620 MPa for Thor 115 
steel (specified by an ASME Code Case 2890 and VdTÜV WB580). The test was carried out in accordance 
with the requirements of PN-EN 6892-1 and PN-EN ISO 6892-2. The tests were carried out both at room and 
at elevated temperatures: 600, 625, 650 °C. The obtained test results are summarized in Figure 3. Impact test 
was carried out at ambient temperature +20 °C on Charpy V samples, notched in the weld and in the heat 
affected zone in accordance with the requirements of PN-EN ISO 148-1 and PN-EN ISO 9016. The criterion 
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included in the PN-EN 12952-6 standard specifies the minimum value of the breaking work of samples with a 
normal cross-section (10 × 10 mm) in SWC at 24 J at ambient temperature, while the PN-EN 10216-2 standard 
specifies the minimum value breaking work for MR at level 27 J. The tests were carried out on samples with a 
reduced cross-section (7.5 × 10 mm). The results obtained are summarized in Figure 4. Bending tests were 
performed in accordance with the requirements of the standards PN-EN ISO 5173. According to the standards, 
the test criterion is to obtain a bending angle of 180°, without scratches or cracks on the stretched surface of 
the sample. The results obtained during the tests meet the requirements of the standard. 

  

Figure 3 Tensile strength of THOR®115 butt 
welded joints made with differet filler metals 

Figure 4 Impact energy THOR®115 butt welded 
joints made with differet filler metals 

Hardness measurements were carried out following the requirements of the standards PN-EN ISO 15614-1 
and PN-EN 12952-6 PN EN ISO 6507-1 and PN-EN ISO 9015-1. The aforesaid standards define the maximum 
hardness for martensitic steels at level of 350 HV10. The distribution of hardness measuring points is shown 
in Figure 5 and the results of the measurements for filler metals W CrMo91, S Ni 6082 and EPRI P87 are 
presented in Table 4.  

 

Figure 5 Arrangement of hardness measurement points in tested welded joints 

Table 4 Results of THOR®115 welded joints hardness measurement 

Material Line 
Measurement points 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

WCrMo91 
A 204 206 204 236 273 282 274 274 274 288 288 275 208 212 212 

B 210 207 207 210 220 225 253 257 258 256 253 247 193 194 199 

S Ni 6082 
A 203 203 200 217 245 282 179 158 165 251 275 286 206 207 209 

B 212 212 213 205 229 255 206 196 189 250 240 231 208 210 213 

EPRI P87 
A 207 211 210 302 295 301 163 162 144 295 305 308 200 206 209 

B 217 212 203 284 289 287 181 186 187 263 261 254 203 208 209 

Metallographic Macroscopic and microscopic tests were carried out following the requirements of the standard 
PN-EN ISO 17639. A criterion adopted for assessment was the quality level B according to the standard PN-
EN ISO 5817. Figures 6, 7 and 8 presents the results of macroscopic tests in the form of a photograph of the 
microstructure of a GTAW butt joint made of steel grade THOR®115 welded with W CrMo91, Inconel 82 and 
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EPRI P87 filler metals. The results of the microscopic tests did not show any welding imperfections and 
confirmed the correct microstructure in all zones. The results in the form of photos and descriptions of 
structures occurring in the characteristic zones are presented in Figure 9. 

Figure 6 THOR®115 welded with 
W CrMo91 filler metal; 

etchant: Adler; quality level:  

Figure 7 THOR®115 welded with 
S Ni 6082 filler metal; 

etchant: Adler; quality level: B 

Figure 8 THOR®115 welded with 
EPRI P87 filler metal; 

etchant: Adler; quality level: B 

a                                                         b                                                        c 

     

d e                                                              f 

      

g h                                                       i 

      

Figure 9 Microstructures of THOR®115 welded joint after electrolytic etching, a) base metal, b) heat affected 
zone, c) weld (in all cases tempered martensite for W CrMo91 filler metal), d) base metal (tempered 

martensite), e) heat affected zone (austenite-martensite, transition zone), f) weld (austenite). Cases d), e) 
and f) are for S Ni 6082 filler metal. g) base metal (tempered martensite), h) heat affected zone (austenite-

martensite, transition zone), i) weld (austenite). Cases g), h) and i) are for EPRI P87 filler metal. 
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4. CONCLUSION 

On the basis of the aforesaid tests it was possible to come to the following conclusions: 

1) Welded joints made of steel THOR®115, welded with GTAW in 5G uphill position are characterized by 
high quality, which is confirmed by the results of destructive and non-destructive tests. 

2) Weldability of THOR®115 can be compared to other low-carbon martensitic steels no special 
precautions are required before, during and after welding compared to grade 91 

3) Scheduled advanced microscopic tests and creep tests will enable a more detailed analysis of the 
welded joints and their industrial usability. 
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Abstract  

Wire electrical discharge machining (EDM) is a modern technology that is widely used in the production of 

difficult to cut conductive materials. Stochastic nature of electrical discharges causing to difficult to identify the 

influence WEDM parameters on surface roughness and dimensional accuracy of machining parts. Predicting 

favorable machining conditions for the required surface finish and dimensional accuracy plays a key role in the 

process. Response surface methodology (RSM) was used to build empirical models on the influence of the 

discharge voltage VB, pulse interval SB, and workpiece height on the surface roughness (Ra) and the flatness 

deviation during the machining of tool steel X153CrMoV12. The conducted analysis of the material removal 

physics in relation to investigated parameters indicated potential sources of shape errors of cutting parts. 

Keywords: WEDM, wire electrical discharge machining, flatness deviation, RSM, surface roughness 

1. INTRODUCTION 

Wire electrical discharge machining (WEDM) is wieldy using in manufacturing complex shape geometries with 

conductive materials. An advantage of WEDM technology is that it is possible to machine difficult to cat 

materials. The WEDM is included in a group of non-conventional technology with electrochemical machining 

[1-2], electrical discharge machining [3-5], and hybrid machining [6-8]. WEDM material is removed by a series 

of discharges occurring in the gap between the wire electrode and the workpiece. Electrical discharges cause 

melting and evaporation in local surface layers of both the workpiece and the working electrode [9-12]. The 

heat also causes evaporation of the dielectric liquid (deionized water) and induces high-pressure waves that 

wash the molten and/or vaporized metal. Shape accuracy is one of the most important functional features 

characterizing the wire electrical discharge machining. Predicting favorable machining conditions for the 

required surface finish and workpiece dimensional accuracy plays a very important role in planning the 

machining. 

2. MATERIALS AND METHODS 

The present paper was focused on the analyses of influence WEDM parameters and conditions on the surface 

roughness and flatness deviation of cut parts. Experimental studies were conducted on wire electrical 

discharge machine Mitsubishi MV 2400S. The electrode used was a brass wire with a dimension of 0.25 mm 

and deionized water was used as the dielectric. The cutting samples of tool steel X153CrMoV12 have 

dimensions of 200 x 10 x 10 mm, 250 x 10 x 10 mm and 300 x 10 x 10 mm. The study was conducted according 

to experimental design, three levels, and three parameters. Experiments were conducted with the following 

machining conditions: discharge voltage in the range Vg = 42-48 V, pulse interval in the range SB = 9-11 µs, 

workpiece height 200-300 mm. The measuring of surface flatness deviation of the cut slot was carried out on 

a Zeiss-Vista CNC coordinate measuring machine. In Calypso software, measuring paths have been 
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determined (raster 300 points). The surface roughness of the slot after WEDM was measured using a FORM 

TALYSURF Series 2 scanning profilometer from Taylor Hobson GB. Figure 1 presents the experiment set up.  

   
(a) (b) (c) 

Figure 1 The experiment set up:(a) mounted block of material, (b) cut samples, (c) graphical presentation of 

measured flatness deviation on CMM 

3. RESULTS AND DISCUSSION 

Experimental investigation of the influence of the WEDM process parameters on the surface flatness deviation 

and roughness was carried out using response surface methodology (RSM). Table 1 shows the levels of 

machining parameters carried out in the experimental design.  

Table 1 Design of the experimental matrix 

No. 
WEDM paramters Observed values 

VG SB H (mm) Ra (µm) W (mm) 

1. 42 9 200 2.08 0.023 

2. 45 11 200 2.18 0.008 

3. 48 10 200 2.20 0.013 

4. 42 11 250 2.60 0.011 

5. 45 10 250 2.32 0.011 

6. 48 9 250 2.20 0.014 

7. 42 10 300 2.68 0.019 

8. 45 9 300 2.54 0.018 

9. 48 11 300 2.66 0.016 

Results from the experimental studies were used to build an empirical model of influence discharge voltage 

Vg, pulse interval SB, and workpiece height H on the surface roughness and flatness deviation. To build an 

empirical model RSM was used. The regression equation was described by the polynomial function of the 

second degree: 
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The degree of fit of the regression equation to the results of the experimental studies described the ratio 

correlation R. The ratio R was in the range R є <0, 1>. For the value of the coefficient R approached unity, a 

more accurate fit of the regression equation to the research results will be obtained. The adequacy of the 
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regression equation was checked with the Fishera-Snedecora test (F). The value of the function test F was 

calculated and compared with the critical value of the tables Fkr (read for the number of freedom at an 

established level of significance p). The correlation coefficient R was significant when there was a relation for 

the associated p-value (p = 0.05). After eliminating the non-significant terms, the final response equations for 

the surface roughness Ra and flatness deviation W presented in equations 2-3. Table 2 presents the 

regression summaries for the established equations: 

�� � 2.0164 
 0.000497 ∙  �� ∙  � � 0.0166 ∙  ��    (2) 

� � 0.143 � 0.000068 ∙  �� ∙  �� 
 0.00000177 ∙ �� � 0.000854  � (3) 

Table 2 Regression summary 

Investigated 
parameters 

ratio R F/Fkr p-value 
Standard error of 

estimate 

Surface roughness Ra 0.97 40.6 0.0003 0.07142 

Flatness deviation W 0.89 5.2 0.005 0.00028 

A correlation matrix of the adopted independent variables and the output variable was created to observe the 

degree of the linear relationship between the variables (Table 3, Table 4). 

Table 3 A correlation matrix of the adopted independent variables and the output variable 

Independent 

variable 

Correlations of the flatness deviation (W) 

H Vg SB H2 Vg2 SB2 H*Vg H*SB Vg*SB W 

H 1 0 0 0.9983 0 0 0.9474 0.8714 0 0.2873 

Vg 0 1 0 0 0.9998 0 0.3158 0 0.5139 -0.3189 

Sb 0 0 1 0 0 0.9995 0 0.4841 0.8566 -0.6126 

H2 0.9983 0 0 1 0 0 0.9458 0.8700 0.0019 0.3134 

Vg2 0 0.9998 0 0 1 0 0.3157 0.0011 0.5138 -0.3119 

SB2 0 0 0.9995 0 0 1 0.0012 0.4839 0.8561 -0.6085 

H*Vg 0.9474 0.3158 0 0.9458 0.3157 0.0012 1 0.8276 0.1635 0.1859 

H*Sb 0.8714 0 0.4841 0.8700 0.0011 0.4839 0.8276 1 0.4165 -0.0104 

Vg*SB 0 0.5139 0.8566 0.0019 0.5138 0.8561 0.1635 0.4165 1 -0.6643 

It can be seen that there is no linear correlation between the predictors H, Vb, SB. After checking at a later 

stage of the analysis of the scatter plots (Figure 2), it was found that there was also no non-linear relationship 

between them. Results from the adopted design of the experiment, where the explanatory variables were 

determined independently of each other, is a desirable feature because it indicates the uniqueness of the 

prediction. It can also be seen that individual effects are transformations of predictors and must have a specific 

relationship, hence correlation values different from zero between the other effects. It can be stated that there 

is a linear correlation between the flatness deviation W and the SB parameter (r = -0.61). Analysis of the 

correlation matrix for the surface roughness regression equation (Table 4), as in the previous model, the 

independent contribution of each of the predictor variables is visible (no linear correlation between H, Vg, SB). 

There is a strong linear relationship between the dependent variable Ra and the independent H, whereas there 

is a weak relationship between Vg and Ra (Figure 3). The highest linear correlation occurs between the 
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product of the predictors H SB and Ra. It proves the complex influence of the adopted independent variables 

on the analyzed value of the Ra parameter. 

Table 4 A correlation matrix of the adopted independent variables and the output variable 

Independent variable 

Correlations of the roughness parameter Ra 

H Vg SB H2 Vg2 SB2 H*Vg H*SB Vg*SB Ra 

H 1 0 0 0.9983 0 0 0.9474 0.8714 0 0.8733 

Vg 0 1 0 0 0.9998 0 0.3158 0 0.5139 -0.1845 

Sb 0 0 1 0 0 0.9994 0 0.4841 0.8565 0.3813 

H2 0.9983 0 0 1 0 0 0.9458 0.8699 0.0019 0.8739 

Vg2 0 0.9998 0 0 1 0 0.3157 0.0010 0.5138 -0.182 

SB2 0 0 0.9994 0 0 1 0.0011 0.4838 0.8561 0.3795 

H*Vg 0.9474 0.3158 0 0.945 0.3157 0.0011 1 0.8276 0.1635 0.7637 

H*Sb 0.8714 0 0.4841 0.869 0.0010 0.4838 0.8276 1 0.4165 0.9468 

Vg*SB 0 0.5139 0.8566 0.001 0.5138 0.8561 0.1635 0.4165 1 0.2296 

The next step is to check the scatter plots between the effects of the regression equation so as to empirically 

confirm or deny the existence of a linear correlation because it may happen that there is a non-linearity or the 

factor has been falsely evaluated based on e.g. outliers. The following are the scatter charts (Figure 2,  

Figure 3) for the regression equations 2 and 3 respectively. 

   

   

Figure 2 Scatter plots for the flatness deviation regression matrix 
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Figure 3 Scatter plots for the roughness Ra regression matrix 

The above chart confirms the lack of a relation between the adopted independent variables. SB (H), Vg (H), 
Vg (SB) exclude the existence of a linear correlation between these variables. A strong linear correlation can 
be observed on the W (SB Vg), W (SB) and Ra (H SB) graphs.  

During the WEDM process, electrical discharges occurs between electrode and workpiece across the height 

of the cut element. The discharges cause local melting and evaporation of small piece of material. In the end 

of single discharge debris are through to the gap. In investigated case of WEDM high workpiece (over 200 

mm) the erosion product which filling the gap change locally resistance of dielectric. To better understanding 

the influence of the investigated independent variables WEDM on the roughness Ra and the deviation of 

flatness W, the response surface plots were estimated. Based on the regression models (equations 2 - 3), 

the influence of the discharge voltage Vg, pulse interval SB and workpiece height H on the Ra and the W is 

shown in Figures 4, 5 respectively. The conducted experimental studies indicated there is a linear relationship 

between the surface roughness Ra and value of investigated variables of WEDM. The main influence of 

roughness Ra have the pulse interval SB and workpiece height. The increase in the time interval causes a 

decrease in the linear cut speed of the wire. It leads to increasing the number of electric discharges across the 

path. The obtained discharge craters on the path have a larger depth causing to increase a roughness Ra. 

Furthermore, increasing of high of cut workpiece leads to rising the number of debris along the gap. A local 
change in dielectric resistance along the gap leads to instability of discharges and an increase in surface 

roughness. The presented dependence also has effects on the flatness deviation. The debris may increase 

the number of electrical discharge in one place of the gap. Furthermore, non-uniform distribution of the 

electrical discharges on the tool electrode results in wire vibration. The amplitude of the vibration is "reflected" 

on the workpiece. Analyses of measuring reports of flatness deviations indicate that the maximum deviation 

value for the analyzed cases is in the near central part of the surface of the cut samples (there are concave 

surface areas). The shape errors are associated with the vibrations of the tool electrode. The increase of the 

discharge voltage VG causes the initiation of discharges at a greater distance of the electrode from the 

workpiece. For greater thickness of the electrode gap, the removal of debris is facilitated, increasing machining 

stability, which leads to reduced electrode vibration. Furthermore, increasing of time interval SB significantly 

affects the stabilization of electrical discharges.  
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(a) (b) 

Figure 4 Estimated response surface plot for the roughness Ra: (a) constant H = 200 mm, 

 (b) constant SB = 10 µs 

  

(a) (b) 
Figure 5 Estimated response surface plot for the flatness deviation W: (a) constant SB = 10 µs,  

(b) constant Vg = 42 V 

4. CONCLUSIONS 

The experimental studies were focused on the analyses of influence WEDM parameters on the roughness Ra 

and flatness deviation during machining of tool steel X153CrMoV12. The analysis of the material removal 

physics indicated potential sources of shape errors of cutting parts. Based on the theoretical analyses and 

experimental research, the following conclusions were obtained: 

 The roughness parameter Ra was the range of 2.08 - 2.68 µm and corresponded to finishing and semi 

finishing machining. The main influence of roughness Ra have the pulse interval SB and workpiece 

height. The increase in the time interval causes a decrease in the linear cut speed of the wire. It leads 

to increasing the number of electric discharges across the path. Furthermore, increasing of high of cut 

workpiece leads to rising the number of debris along the gap. A local change in dielectric resistance 

along the gap leads to instability of discharges and an increase in surface roughness 

 The developed regression equations could be used in wire electrical discharge machining of tool steel 

X153CrMoV12 as a guideline for the selection of WEDM parameters. For appropriate selection of 

machining conditions it is possible to significantly reduce the shape deviation of the cut elements. 
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Abstract 

The current development of chemical-heat treatment technologies is aimed at increasing the utility properties 

of components and improving the quality of the produced surface. A prerequisite for a quality produced surface 

is the selection of a suitable method of surface machining before the application of chemical-heat treatment 

technology. Due to the requirements for functional areas of special technology, grinding is chosen in most 

cases. The present paper deals with the effect of nitriding in plasma and gas on the geometric accuracy of 

parts made of 42CrMo4 steel. This steel is widely used in special technology for the production of barrels, 

breech-block cases, ball screws and gears. On the ground steel samples, the 3D measurement on the 

coordinate measuring machine analyzed the change of dimensions after the application of nitriding in plasma 

and gas. Furthermore, the surface texture change was evaluated using 2D surface roughness parameters and 

3D parameters of area. After nitriding in both plasma and gas, the dimensions increased by 0.034 mm in 

diameter. After the nitriding processes, the values of 2D and 3D surface roughness parameters decreased. A 

change in surface texture was observed when evaluating 3D parameters in both chemical-heat treatment 

processes. Increasing the dimensions and changing the texture of the surface affects the subsequent function 

of the components.  

Keywords: Nitriding, grinding, dimension accuracy, surface texture, roughness 

1. INTRODUCTION 

The life of most components and tools is related to abrasion on the surface, the occurrence of fatigue cracks 

and corrosion effects. All these influences begin to apply mainly from the surface of components, and that is 

why it is crucial to influence the mechanical and other properties of the surface area [1,2]. 

When choosing the type of material, it is almost always necessary to compromise, as the required operating 

properties are often more or less contradictory. In addition to the optimal choice of material and its conventional 

heat treatment, traditional chemical-heat diffusion processes have become very important in recent years [3]. 

It is possible to consider as optimal especially such processes, the result of which are surface layers with good 

adhesion to the base material and during processing there are as minimal deformations of parts and tools as 

possible [4]. The most common requirement for properties after additional surface treatment is an increase in 

hardness. Of the plasma technologies, the greatest attention is given to chemical-heat treatment in a glow 

discharge, such as nitriding and carburizing. In the last decade, there has also been a significant development 

of PVD (physical) technologies for the preparation of coatings and their gradual introduction into industrial 

production. This rapid development has been fueled in particular by the fact that plasma technologies are 

opening up new avenues in creating layers of completely new properties [5,6]. 
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While PVD technologies and their various modifications are used mainly on tools, chemical-heat treatment 

technology predominates in machine parts and processes the largest volume of products. Of great importance 

in these technologies is nitriding (classical in gas, plasma), which creates a hard surface layer, the purpose of 

which is [7,8,9]: 

 increase in corrosion resistance, 

 increase of abrasion, wear resistance, 

 increase of fatigue resistance under cycling loading. 

Its formation is a diffusion process in which the atomic nitrogen formed by the thermal dissociation of ammonia 

penetrates the surface of the carbonated material. The dissociation process is essentially an ionization process 

which is largely intensified in a glow discharge or plasma environment. The electrostatic field present in plasma 

nitriding also accelerates the absorption of atomic nitrogen by the surface and its diffusion further into the 

material. Each of these purposes has different demands on the quality of the nitrided layer; suitable phase 

compositions are discussed e.g. in [10,11]. 

For the intended use of the special technology, the machine parts must be designed in an appropriate manner 

(the design includes in particular the choice of material and determination of the geometry of the part) and 

manufactured by appropriate technological methods under appropriate conditions. An adequate level of 

geometric quality is essential for perfect function, which means that the part must have the desired shape and 

retain this shape for as long as possible. Highly exposed components of special technology require high 

geometric quality of functional surfaces. At present, high demands are placed on quality and its management 

and assurance (ISO 9000 standard). The geometric shape is conceived during the construction of the part; it 

is technologically treated and realized in the production process [12,13]. 

To ensure the quality of the surface function, it is necessary to determine adequate accuracy (permissible 

inaccuracy, tolerance). Accuracy is generally understood as a measure of agreement between a desired and 

an actual value. 

Each technological procedure leaves unevenness on the surface, which can negatively affect the required 

function of the surfaces [14]. These inequalities must be assessed in terms of their size and geometric 

character and confront the identified state with the requirements formulated in the technical documentation. 

The importance of a thorough assessment is especially for areas that will be in a direct functional relationship 

with other areas [15].  

Important components of weapons, such as closing mechanisms or barrels, are made of low-alloy, noble Cr-

Mo steel 42CrMo4. The useful properties of this steel are increased mainly by nitriding [16]. At present, nitriding 

processes in both gas and plasma are widely used. Each of these processes has its pros and cons, of course 

the economic side also plays a role. Emphasis is placed especially on the functional surfaces of exposed 

components, which must have the required surface quality and geometric accuracy. 

The presented article deals with the evaluation of the change in dimensional accuracy of ground samples 

made of 42CrMo4 steel and the change in surface texture after nitriding processes in gas and plasma. It is 

generally known that these processes cause a slight increase in size [17]. 

2. EXPERIMENTAL METHODS 

2.1. Production of experimental samples 

The experimental samples were made in the form of blocks measuring 90 mm x 30 mm x 20 mm (Figure 1). 

For each nitriding technology, 5 pieces of experimental samples were produced. The samples were made with 

a grinding allowance of 0.3 mm. 
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Figure 1 Experimental sample 

2.2. Chemical composition analysis of the evaluated steel 

The chemical composition of the analysed steel was performed using a Bruker-Quatron spark optical emission 

spectrometer Q4 Tasman. The results of the chemical composition of the analysed steel 42CrMo4 and their 

comparison with the standard are given in Table 1. 

Table 1 Chemical composition of 42CrMo2 steela 

C Mn Si Cr Ni Mo P S 

Standard 

0.38 - 0.45 0.50 - 0.80 0.17 - 0.37 0.90 - 1.20 max. 0.50 0.15 - 0.30 max. 0.035 max. 0.035 

Q4 Tasman 

0.39 0.82 0.31 1.09 0.06 0.19 0.011 0.015 

2.3. Heat treatment of experimental samples 

The heat treatment of the experimental samples consisted of normalization annealing, quenching and 

tempering in order to obtain a fine-grained sorbitic structure which has suitable mechanical properties. The 

heat treatment parameters are documented in Table 2. 

Table 2 Parameters of heat treatment 

Normalization annealing Quenching Tempering 

860 °C / 45 min / air 840 °C / 45 min / water 600 °C / 100 min / oil 

2.4. Machining of functional surfaces 

Evaluated surfaces of experimental samples after heat treatment were ground on a surface grinder BPH 300 

with the aim to achieve surface roughness Ra = 0.4 µm - 0.8 µm. The speed of the grinding wheel was set to 

2400 rpm, the table shift was 10 m/min, the grinding wheel type 98A46J9V40 (J hardness). During grinding, 

the ground surfaces were cooled with Idazox HB 20 coolant. The concentration of coolant was 5% (1:20). 

2.5. Chemical-heat treatment 

The parameters of the nitriding processes in plasma and gas were set in order to achieve a depth of the 

diffusion layer in the range of 0.25 mm - 0.35 mm, which corresponded to the setting of temperatures and 

process times. In addition, both nitriding processes required the suppression of a white nitride layer on the 

steel surface. Plasma nitriding was performed in a Rübig PN 100/180 device, nitriding in gas in a Nitrex 80/200 

device. The process parameters are listed in Table 3. 
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Table 3 Parameters of chemical-heat treatment 

Process Temperature [°C] Time [hod] Atmosphere 

Plasma nitriding 520 14 1N2: 3H2 

Nitriding in gas 530 7 NH3 / N2 / H2 

2.6. Measuring of dimensions 

Measurements of dimensional change of experimental samples after chemical-heat treatment were performed 

on a 3D CNC coordinate machine Werth ScopeCheck®S (Figure 2) and evaluated by WinWerth® 8 software. 

Dimensional changes were evaluated by a touch sensor (ruby ball with a diameter of 3 mm). The distances 

between the foreheads of the sample were measured, the surfaces of which were ground and the distance 

according to the drawing was prescribed at 90 mm. The samples were measured first after heat treatment 

(thermal refining) and machining to the final dimensions and then after selected chemical-thermal treatment 

processes. The same measurement strategy was used for both measurements. All samples were measured 

5 times, i.e. a total of 25 measurements of samples after heat treatment and 25 measurements after the 

selected process of chemical-thermal treatment. The measurement conditions are given in Table 4. 

 

Figure 2 Fixing the sample on the table of a 3D CNC coordinate measuring machine 

Table 4 Conditions for measuring the dimensional change 

Measured area 
[mm] 

Number of scanned 
points per area 

Temperature [°C] 
Max. error E1 for L 

= 90 mm [μm] 
Uncertainty for 

L = 90 mm [mm] 

27 x 17 25 22 ± 1 3.25 ± 0.001 

2.7. Measuring of surface texture 

The surface texture was measured on the ground surfaces of the experimental samples, always in the middle 

part of the machined surface of the sample. The surface texture parameters were measured by the non-contact 

method with a Talysurf CCI Lite coherent correlation interferometer. The obtained data were analyzed using 

MountainLab Premium 8 software. The conditions for measuring the surface texture are documented in  

Table 5. 

The surface texture was evaluated by 2D roughness height parameters and 3D parameters of area. From the 

roughness parameters Ra, Rq, Rz and Rt were selected, from the 3D parameters were selected their 

equivalents Sa, Sq, Sz and St. The parameter names are listed in Table 6. 
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Table 5 Conditions for measuring the surface texture of experimental samples 

Evaluated 
surface (3D) 

Evaluated length 
(2D) 

Cut-off Filtration 
Number of scanned 

points on the 
evaluated surface 

Number of scanned 
roughness profiles 

1,5 mm x 1,5 mm 4 mm 0.8 mm Gauss 1800 x 1800 5 

Table 6 Measured parameters of surface texture 

Parameter Unit The full name of the parameter 

Ra µm Arithmetic Mean Deviation of the roughness profile 

Rq µm Root-Mean-Square (RMS) Deviation of the roughness profile 

Rz µm Maximum Height of roughness profile 

Rt µm Total Height of roughness profile 

Sa µm Arithmetic Mean Deviation 

Sq µm Root-Mean-Square Mean Deviation 

Sz µm Total Point Height 

St µm Total Height 

3. RESULTS AND DISCUSSION 

3.1. Metallographic analysis 

Metallographic analysis of experimental samples was performed after chemical-thermal treatment, using an 

inverted opto-digital metallographic microscope Olympus DSX500. The microstructure of steel after thermal 

refining consisted of tempered martensite and sorbite (Figure 3-a). Plasma nitriding led to the formation of a 

tempered martensite structure, which towards the core of the material turns into tempered martensite and 

sorbitol (Figure 3-b). The diffusion layer became visible by etching the samples. A very thin continuous white 

layer of nitrides formed on the steel surface. The structure of tempered martensite and sorbite was formed in 

the surface layer after the gas nitriding process (Figure 3-c). Even in this case, the diffusion layer is visible 

after etching. Furthermore, a uniform, thick, white layer of nitrides was formed on the steel surface. 

   
a) b) c) 

Figure 3 Structure of 42CrMo4 steel after heat treatment a), nitriding in plasma b) and nitriding in gas c), 

magnified 500x, etched NITAL 5% 

The depth of the diffusion layer and the thickness of the white layer of nitrides were measured together with 

the evaluation of the metallography. The depths of the diffusion layers were measured using microhardness 

curves on an automated Leco LM247AT microhardness tester, with a load of 100 g (HV0.1). 5 microhardness 
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curves were always measured. The thicknesses of the white layers were measured optically at a magnification 

of 1000x, in five places each. Furthermore, the surface hardness was measured on an instrumented Zwick 

ZHU 2.5 hardness tester, with a load of 10 kg (HV10). All 5 samples from each nitriding process were 

measured, always at five different locations. The results of the above measurements are summarized in  

Table 7; the table shows the mean values. 

Table 7 Results of measuring the depth of the diffusion layer, the thickness of the white layer and the surface 

hardness 

Process 
Depth of the diffusion layer 

[mm] 
Thickness of the white 

layer [µm] 
Surface hardness HV10 

Plasma nitriding 0.319 6.4 665 

Nitriding in gas 0.224 18.4 705 

3.2. Change of dimensions after chemical-heat treatment 

After the process of chemical-thermal treatment, there was an increase in the dimensions of experimental 

samples, resp. their length. The values of the increase in the dimensions of the experimental samples, given 

in Table 8, express the mean value of the increase from the 25 measurements. The table also shows the 

change in the degree of accuracy IT of experimental samples according to EN ISO 286-1. 

Table 8 Values of increase in dimensions of experimental samples after nitriding processes 

Process Dimension increase [mm] 
Change in the degree of 

accuracy of IT 

Plasma nitriding 0.032 ± 0.001 from 8 to 9 

Nitriding in gas 0.036 ± 0.002 from 8 to 9 

From the results of dimensional change measurements, it is evident that after nitriding in plasma and gas, the 

dimensions of the experimental samples increased by values ranging from 0.032 mm to 0.036 mm. Increasing 

the size deteriorated the accuracy class by one degree. 

3.3. Change of surface texture after chemical-heat treatment 

The change of selected area parameters and surface roughness parameters is shown in Table 9.  

Table 9 Results of surface and area roughness measurements 

Parameter Unit Ground surface 

Plasma nitriding Nitriding in gas 

Measured 
value 

Decrease 
Measured 

value 
Decrease 

Ra µm 0.96 ± 0.06 0.87 ± 0.06 - 0.09 0.87 ± 0.11 - 0.09 

Rq µm 1.30 ± 0.05 1.18 ± 0.09 - 0.12 1.16 ± 0.17 - 0.14 

Rz µm 7.06 ± 0.18 6.26 ± 0.35 - 0.80 6.43 ± 0.59 - 0.63 

Rt µm 7.16 ± 0.18 6.38 ± 0.27 - 0.78 6.52 ± 0.59 - 0.14 

Sa µm 0.92 ± 0.09 0.81 ± 0.08 - 0.11 0.83 ± 0.10 - 0.09 

Sq µm 1.23 ± 0.11 1.08 ± 0.05 - 0.15 1.11 ± 0.03 - 0.12 

Sz µm 7.08 ± 0.16 6.53 ± 0.21 - 0.55 6.94 ± 0.16 - 0.14 

St µm 7.64 ± 0.18 6.69 ± 0.17 - 0.95 7.09 ± 0.08 - 0.55 
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It is clear from the results that after both nitriding processes there was a decrease in the evaluated area 

parameters and surface roughness parameters. The largest decrease was recorded for the peak parameters 

Rz, Rt and Sz, St. However, in general, it can be said that there was no significant change in the roughness 

parameters of ground surfaces and surfaces after nitriding processes. 

The morphology of the surfaces is shown in Figure 4. Images of the surfaces were taken on an Olympus 

DSX500 opto-digital metallographic microscope. The images show a change in the surface, traces of the 

grinding tool are visible on the ground surface, parallel to the grinding direction, dark deeper furrows and light 

grey peaks can be noticed. Dark furrows (valleys) are not visible after the nitriding processes; this corresponds 

to their filling and this result in a reduction of the resulting surface roughness. The 3D texture of individual 

surfaces has a similar morphology. After the nitriding processes, the peaks of the protrusions were slightly 

rounded. 

   

   

Ground Plasma nitrided Nitrided in gas 

Figure 4 Morphology of evaluated surfaces (magnified 500x) and their 3D texture 

Furthermore, the maximum and mean depths of the furrows on the surface were measured (Figure 5). The 

results are documented in Table 10. The results confirm that the nitriding processes lead to the filling of the 

furrows created by grinding process and thus reduce their depth. 

a)  b)  c)  

Figure 5 Imaging of furrows on the ground surface a), the surface after nitriding in plasma b)  

and nitriding in gas c) 
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Table 10 Results of evaluation of the depth of furrows of the analysed surfaces 

Process Maximum depth of furrows [µm] Mean depth of furrows [µm] 

Ground 6.734 1.735 

Plasma nitriding 5.861 1.527 

Nitriding in gas 6.497 1.662 

The above conclusion can also be substantiated by evaluating the volume parameters (Figure 6) of the 

surface, which is shown in Table 11. After the nitriding processes, the volume of the peaks increased slightly, 

but the volume of the core material decreased. Furthermore, the unfilled volume of the core was reduced, i.e. 

the valleys formed by grinding process were filled. This fact is confirmed by the reduction of the unfilled volume 

of the valleys Vvv. 

 

Figure 6 Volume parameters with Abbott curve of sample after nitiridng in gas 

Table 11 Results of volume parameters of the surfaces 

Parameter Unit Name Ground Plasma nitriding Nitriding in gas 

Vmp mm3/mm2 Peak material 
volume 

3.316·10-5 3.401·10-5 3.496·10-5 

Vmc mm3/mm2 
Core material 

volume 
9.857·10-4 8.688·10-4 8.981·10-4 

Vvc mm3/mm2 
Core void 
volume 

1.158·10-3 1.010·10-3 1.080·10-3 

Vvv mm3/mm2 
Valley void 

volume 
2.182·10-4 1.885·10-4 1.865·10-4 

4. CONCLUSION 

The presented article deals with the influence of nitriding on the dimensional accuracy of components of a 

special technology. Experimental samples made of 42CrMo4 steel, which is widely used in the armaments 

industry, especially in the manufacture of weapons, were selected for evaluation. After heat treatment, the 

experimental samples were ground to the required dimensional accuracy and surface quality. The process of 

plasma nitriding and nitriding in gas led to an increase in the dimensions of the samples by 0.032 mm and 

0.036 mm. As the sample size increased, the IT accuracy class deteriorated from 8 to 9. Analysis of the surface 

texture by selected 2D and 3D parameters revealed a reduction in the surface roughness of the nitrided 

samples, compared to the ground surfaces. This trend was also confirmed by a change in the morphology of 
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the surface, from which it is clear that after the nitriding processes, the valleys on the steel surface were filled. 

This conclusion was confirmed by evaluating the depth of the furrows and the volume parameters of the 

surface. After the nitriding processes, the furrows on the steel surface created by grinding were partly filled. 

As the sample dimensions have increased, it is assumed that the original ground surface gains volume 

outwards from the component after nitriding processes. This process is most intense in the valleys of the 

surface, but also takes place on the peaks. The obtained results can be used in the production of special 

equipment components. The components will produce in the lower limit of tolerance and the nitriding process 

will not only increase the size and reach the middle limit of tolerance, but also improve the quality of the surface. 

However, the disadvantage of this process is that it is affected by the chemical composition of the steel and 

only some steels behave in this way. By modifying the nitriding parameters, the parameters of the functional 

surfaces could be changed according to their use in operation. However, the disadvantage of nitriding 

processes remains the change in dimensions, which leads to a deterioration in the geometric accuracy of the 

components. 
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Abstract  

Stainless steels are promising materials for fuel cell bipolar plates. It meets high demands for bipolar plates, 

good thermal and electrical conductivity, low cost, good mechanical properties. However, corrosion stability in 

fuel cell environment is either poor or achieved by passive layer. Passive layer improves corrosion resistance, 

but decrease electrical conductivity, respectively increase contact resistance. Coating stainless steel is one 

approach, how to obtain suitable material. This study focused on commonly used stainless steel AISI 316L as 

reference and two Ta-based coatings, tantalum coating and tantalum coating with upper layer of Ta2O5 and 

RuO2. All materials were tested in simulated PEMFC environment, diluted sulfuric acid of pH 3 with 1 ppm 

fluoride ions at 80 °C. Open circuit potential, linear sweep voltammetry anodic and cathodic dynamic scans 

were carried out. Materials were compared only based on short-term electrochemical measurements. Despite 

that, tantalum coating performs better corrosion resistance than bare steel, passive layer of tantalum 

is non-conductive, thus inappropriate for fuel cells. Tantalum coating with oxide upper layer cannot be 

compared based on short-term electrochemical measurements. 

Keywords: Bipolar plates, corrosion, coated stainless steel 

1. INTRODUCTION 

Proton exchange membrane fuel cell (PEMFC) is supposed to be an alternative to combustion engines. 

Technology of converting chemical energy from reaction between hydrogen and oxygen into electrical energy 

has many advantages as low emission, low operating temperatures and relatively high-energy efficiency [1,2]. 

Disadvantages of PEMFCs are big volume and weight of cell construction, mainly due to bipolar plates. Also 

cost of membrane, catalyst and bipolar plates make this technology too expensive for wider use. Parameters 

such as volume, weight and acquisition cost must be reduced, especially for automotive industry [3]. PEM fuel 

cell consist of bipolar plates (BP) and membrane electron assembly (MEA), which contain gas diffusion layer 

(GDL), catalyst, membrane and sealing. Bipolar plates have to fulfil lot of requirements, good electrical and 

thermal conductivity, chemical stability, hydrophobicity and others. This multifunctionality is hardly 

accomplished. Most of BP are made of graphite, to a lesser extend of graphite-polymer composites [4]. 

Graphite excel in chemical stability, thermal and electrical conductivity, but suffer for its poor mechanical 

properties. Graphite bipolar plates are heavy, bulky, fragile and manufacturing process is difficult and 

expensive [4,5]. As a potential alternative for graphite seem promising metallic bipolar plates. As for metals 

mostly considered are stainless steel, titanium, nickel, copper, aluminium and their alloys. New material for 

bipolar plates should meet parameters given by US Department of Energy (DOE) Table 1 [6], DOE also define 

parameters of measurements. Stainless steels seem most promising, especially for portable and automotive 

applications. It has great thermal and electrical conductivity, gas impermeability, excellent mechanical 

properties and formability [4]. Unfortunately, corrosion resistance in fuel cell environment is main problem of 

stainless steels. PEMFC operating conditions are around 80 °C, high humidity and acidic character (pH 2-3). 

Corrosion of stainless steel release ions, which block membrane exchange capacity and lower the fuel cell 
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performance. Other problem of metallic bipolar plates is interfacial contact resistance (ICR), which goes 

against corrosion resistance in most cases [7]. The more corrosion resistant stainless steel, the bigger ICR it 

has. ICR is tightly connected with passive layer. Thickness and chemical composition of passive layer influence 

ICR significantly. Bare stainless steels seem inadequate based on those parameters. However, proper coating 

on stainless steel can solve this [8]. There is more approach to coating, like carbon, carbides, nitrides, 

conductive polymers, metallic coatings, noble metals and their multilayer combinations. Coatings can be 

prepared by PVD or CVD technology (e.g. magnetron sputtering, ion arc plating) [1,7]. Corrosion resistance 

and ICR depends than on quality of coating, which corresponds also with surface condition of steel [9]. Even 

there are plenty variations of coating combinations and preparation methods, coatings improve corrosion 

resistance and lower ICR in PEMFC environment in general. Nevertheless, coatings are susceptible to 

microstructural defects, thus multilayer coatings have lower risk of defect that goes through all layers [10,11].   

Table 1 DOE limits for 2020 [6] 

Monitored property 2020 Objectives Notes 

Cost ≤ 3 $∙kW-1 500,000 80-kWnet systems per year 

Plate weight 0.4 kg∙kW-1  - 

Corrosion rate (anode) < 1 µA∙cm-2 

pH 3 0.1 ppm HF, 80 °C, peak active current 
<1x106 A∙cm-2 (potentiodynamic test at 0.1 mV∙s-1,  

-0.4 V to + 0.6 V (Ag vs. AgCl), de-aerated with Ar purge. 

Corrosion rate (cathode) < 1 µA∙cm-2 

pH 3 0.1 ppm HF, 80°C, passive current 
<5x108 A∙cm-2 (potentiostatic test at + 0.6 V (Ag vs. AgCl) 

for > 24 h, aerated solution. 

Electrical conductivity > 100 S∙cm-1   

Areal specific resistance < 0.01 ohm∙cm2 
Includes interfacial contact resistance (on as received and 

after potentiostatic test) at 138 N∙cm-2 

Flexural strength > 25 MPa ASTM-D 790-10 

Forming elongation 40 % ASTM E8M-01 

Plate H2 permeation coefficient < 1.3∙10-14 cm3 ASTM D1434, 80 °C, 3 atm, 100 % RH 

2. EXPERIMENT 

2.1. Tested materials and simulating electrolyte 

For this work was chosen stainless steel AISI 316L as reference material and two types of coatings prepared 

on this steel to compare. First one is pure tantalum and second is tantalum with upper layer of Ta2O5 and 

RuO2. Both coating were prepared by CVD technology. Thickness of the coatings was 20 - 50 μm. Samples 

were thin sheet 30 mm x 50 mm. Bare 316L was treated before measurements by grinding paper P1200, 

rinsed with water, ethanol and dried. Coated samples were only washed and dried.  

Table 2 Main alloying elements of stainless steel 316L 

Element (wt. %) C Cr Ni Mo Mn 

AISI 316L < 0.03 16 - 18 10 - 12 2 - 2.5 < 2  

For each set of measurements was prepared fresh solution simulating PEMFC environment. Solution was 

prepared by mixing 1 ml of 0.01 % hydrofluoric acid and distilled water to 1 l. Then was modified the pH of the 

solution to value of 3 by using 1 mol∙l-1 sulfuric acid.  
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2.2. Electrochemical measurement 

Measurements were done in corrosion cell with lateral sample deposition. Solution was heated to 80 °C using 

thermostat. Experiment was set up for 3-electrode arrangement, using saturated argent-chloride reference 

electrode, platinum wire as counter electrode and sample as working electrode. This arrangement was used 

for all electrochemical measurements, open circuit potential, polarization resistance, cathodic and anodic 

polarizations. Experiments were carried out on Zahner Zennium electrochemical workstation and repeated at 

least twice to eliminate errors and ensure reproducibility of the experiment. Data were than evaluated in Thales 

XT Analysis. Solution simulating PEMFC environment was used only once for a sequence of measurements, 

consisting of open circuit potential, followed by polarization resistance and dynamic scan (cathodic or anodic). 

Open circuit potential was measured for 3600 s. Immediately followed by polarization resistance ranged from 

-25 mV vs. OCP to +25 mV vs. OCP with scan rate of 0.1 mV∙s-1. Cathodic dynamic scan set up ranged from 

+100mV vs. OCP to -2 V vs. ACLE, anodic part ranged from -100 mV vs. OCP to +2 V vs. ACLE with  

5 mV∙s-1 scan rate. During all measurements was the solution deaerated using nitrogen. 

3. RESULTS AND DISCUSION 

Before experiment metallographic cross-sections of both coatings were pictured by SEM (Tescan Vega 3). 

Figure 1 shows different thickness, bare tantalum coating has 40-50 micrometers, tantalum with oxide upper 

layer around 20-25 micrometers. Both layers are uniform and defect-free, despite that surface of bare tantalum 

is more rugged.  

 

Figure 1 Cross-section of coatings, tantalum (left) and tantalum with Ta2O5 and RuO2 upper  

layer (right) 

After electrochemical measurements in simulated PEMFC solution, corrosion indicators were evaluated using 

Thales XT Analysis. Figure 2 shows anodic parts of polarization, bare steel corrodes in passive state, same 

as tantalum coated steel. Curve of tantalum coating with oxide upper layer does not reflect corrosion reaction 

of the coating, but chemical reaction of the solution. Cathodic parts at (Figure 3) show reduction of residual 

oxygen and hydrogen depolarization. Curves were fitted and all data are summarized in Table 3.  

100 100 
100 μm 100 μm 
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Figure 2 Anodic polarizations in diluted H2SO4 (pH 3, 1 ppm HF, 80 °C, deaerated by N2) range 

 -100 mV vs. OCP to +2 V vs. ACLE with scan rate 5mV∙s-1  

 

Figure 3 Cathodic polarizations in diluted H2SO4 (pH 3, 1 ppm HF, 80 °C, deaerated by N2) range 

 -100 mV vs. OCP to +2 V vs. ACLE with scan rate 5mV∙s-1  

Comparing 316L and tantalum coated 316L the coating improves corrosion parameters. Higher polarization 

resistance and lower corrosion current density result in lower corrosion rates. Anodic Tafel slope also indicates 

better passive behavior of tantalum coating. The part of curve at (Figure 2) from 0.5 to 2 V vs. ACLE indicates 

non-conductive layer, which would not have to be beneficial for fuel cells. 
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Table 3 Electrochemical parameters of 316L and Ta-based coatings 

Material Rp(Ω∙m2) 
Ecorr  

(mV vs. ACLE) 
μA∙cm-2 μA∙cm-2 βa (mV/decade) Βc (mV/decade) 

316L 13.1 -159 0.482 0.245 237 -251 

316L+Ta 26.0 -313 0.054 0.034 328 -238 

316LTa+Ta2O5+ RuO2 0.6 348 2.200 3.983 511 -571 

4. CONCLUSION 

This study compares stainless steel 316L and two Ta-based coatings, bare tantalum and tantalum with oxide 

upper layer in simulated PEMFC environment. Simulating solution is diluted sulfuric acid with pH 3 and 1 ppm 

of fluoride ions at 80 °C. Tantalum coating seems not suitable for fuel cells, it is corrosive resistant, but its 

passive layer is non-conductive. Tantalum coating with oxide upper layer is interesting, high electrochemical 

activity of electrolyte, oxygen and hydrogen is expected due to conductive, corrosion resistant RuO2. Its 

properties and behaving cannot be assessed based on those short-term measurements. Contact resistance 

measurements, long-term exposure along with leachate analysis have to be done.  
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Abstract  

The article deals with tribological evaluation of DLC coating. This coating is deposited on a material which, due 

to its mechanical properties, is suitable for components of weapons and military equipment. The results of the 

Department of Engineering of the Faculty of Military Technology of the University of Defense in Brno in the 

field of plasma nitriding are used in this work. Plasma nitriding technology has been found to have a positive 

effect on the performance of components operating under extreme conditions. One of the significant surface 

changes is the increase in surface hardness. Further increases wear resistance and corrosion resistance. By 

setting the parameters of plasma nitriding technology appropriately, fatigue life can be increased. 

Deposition of the DLC coating by PVD technology on a tempered or plasma nitrided surface results in 

qualitative changes on the surface of the component. Evaluation of tribological properties such as coefficient 

of friction or wear coefficient can be verified by adjusting surface treatment technologies to specific 

applications, eg in armaments production. 

The paper presents the results of tribological properties of the surface of the DLC coating deposited on 

substrate of the heat-treated steel 42CrMo4. The comparison was done with the deposition of a DLC coating 

on the surface substrate of a steel 42CrMo4 that has been plasma nitrided, like a duplex system. Tribological 

properties such as friction coefficient and wear coefficient were measured by a Tribolab UMT-3 equipment. 

Tribological tests such as Scratch test and Ball on Disc were performed on this device. 

Keywords: DLC coating, Scratch test, Ball on Disc, components of weapons 

1. INTRODUCTION 

Parts of military equipment and weapons are treated with a variety of surface technologies to increase their 

resistance. These components operate in a specific environment where conditions may be extreme. These 

conditions are simulated exercises, which are tested not only soldiers, but also the technology they use. In a 

real combat situation it is then necessary to rely on components of military equipment and weapons. Their 

function is irreplaceable to accomplish a task by an individual or by a whole military unit. 

The structural steel used for these components is heat treated. It is also possible to modify the surface of the 

component forming or depositing layers of coating. Previous research [1-4] has clearly shown the positive 

effect of plasma nitriding technology on weapon components such as barrel, breech, etc. Forming a layer of 

nitrides of the alloying elements to obtain an increase corrosion resistance [5,6], increase abrasion resistance 

[7-9] or increasing the fatigue properties [10-13] for steels. 

Further improved properties, particularly abrasion resistance can be achieved by forming the DLC coating on 

the surface has been nitrided. The article deals with the study and comparison of the effect of deposited DLC 

coating on 42CrMo4 steel, which was only refined or even plasma nitrided. Each operation carried out with the 

material carries an increase in the financial cost of each component of the weapon or military equipment. It is 
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therefore necessary to determine which surface technology is suitable for a particular application or whether 

combinations of coating and coating technologies are suitable. 

The article evaluated the tribological properties of the surface of the DLC coating deposited on the substrate 

treated steel 42CrMo4. Furthermore, a DLC coating deposited on a diffusion layer created by plasma nitriding 

technology on 42CrMo4 steel. There were performed Scratch test and Ball on disc tests. Subsequently, the 

coefficient of friction and wear coefficient were evaluated. Studying the properties of coatings brings valuable 

knowledge into the process of acquisition and introduction of military equipment into the Army of the Czech 

Republic. 

2. MATERIAL AND SAMPLE PREPARATION 

The object of the experiment was samples of 42CrMo4 steel. These samples were coated with DLC by PVD 

technology as required. For sample A, the DLC coating was deposited in a duplex system. The diffusion layer 

of iron nitrides and alloying elements was the basis for the coating of Sample A. This layer was created by 

plasma nitriding technology. For sample B, a DLC coating was deposited on the base material (substrate). 

Experimental samples used for testing were made according to the procedures of the Department of 

Mechanical Engineering in accordance with the field of metallographic preparation. Quality sample preparation 

is a critical step to achieving the objective results not only in assessing the metallurgical structure, but also in 

the areas of chemical composition analysis and tribological characteristics. The experimental samples were 

divided by the Struers grinding wheel on a metallographic circular saw LECO VIPER-300M2.  

Separated parts from each of the supplied samples were hot pressed into Struers Isofast molding material on 

a LECO RR-4X metallographic press at 2600 kPa. Pressing was carried out for 4 minutes at 180 °C. After 

pressing each sample was described and its surface has been mechanically cut to semi-universal grinder / 

polisher COMPACT 1031 MTH. HERMES abrasive papers with grain size 80, 120, 240, 400, 600, 1000 and 

2000 according to the European FEPA marking were used as abrasives. The samples were polished on LECO 

Brown Technotron abrasive cloth, using LECO PREMIUM GRADE diamond paste with a particle size of 3 µm 

and 1 µm. After polishing, the sample was ultrasonically cleaned in a POLSONIC-2 instrument. 

Cross-section samples were then used to evaluate the microstructure and chemical composition of the OES 

method on a Tasman Q4. 

Table 1 - Analysis of chemical composition of substrate and its comparison with standard 

Content of elements (wt. %) 

C Mn Si Cr Mo Ni P S Cu Al 

0.54 0.65 0.249 1.045 0.149 0.128 0.005 0.15 0.176 0.016 

Recommended values from ČSN EN 10083-1 42CrMo4 steel 

0.38 

0.45 

0.60 

0.90 

< 0.40 0.90 

1.20 

0.15 

0.30 

--- 

--- 

< 0.035 < 0.035 --- --- 

After the NITAL solution etching operation, the microstructure of the samples is shown in a 3D inverted 

optodigital microscope view of the OLYMPUS DSX 500 in Figure 1a and Figure 1b, respectively. The 

documented microstructure shows that it is a martensitic structure with residual austenite of very fine 

manganese carbides and sulfides. This microstructure corresponds to a quenched and tempered state 

performed in accordance with the relevant material sheet for 42CrMo4 steel. 

The mean DLC coating thickness of Sample A in Figure 1a is 1.44 ± 0.15 µm. The measurement was 

performed at nine points. By measuring the microhardness course on a LM 247 AT LECO equipped with AMH 

55 LECO software, a diffusion layer depth of 245 µm was found in Sample A. 
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The DLC coating thickness of Sample B in Figure 1b was lower than that Sample A. After seven 

measurements, the coating thickness value was determined as 0,78 ± 0,11 µm. A thin chrome coating was 

deposited under both of the DLC coatings. The chrome coating is used to increase adhesion. 

  

Figure 1 a Microstructure of Sample A PN + DLC 

Duplex System 

Figure 1 b Microstructure of Sample B coated with 

DLC 

3. EXPERIMENT 

Experimental samples were made in the form of flat discs. These samples were made according to the 

requirements for ball on disc testing on a Bruker UMT-3 tribometer. Subsequently, a scratch test was 

performed on the same samples to determine the coating parameters - duplex coating and layer system, 

respectively. 

  

Figure 2 Ball on Disc method Figure 3 Places of measurement on samples 

A and B and tests radius 
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The measurement of the coefficient of friction by the "Ball on Disc" method [14] (see Figure 2) is based on the 

contact of a stationary indentor pressed by a constant force on the measured surface of the rotating sample. 

The ball-shaped indentor is mounted in the holder and the rotary disk-shaped test specimen is clamped in the 

turntable. The friction force is exerted between the indentor and the sample, and its value is systematically 

evaluated in the area of the indentor clamping. 

The generated traces are proportional to wear, which is due to the rotation of the sample application and 

pressing force on the indentor. This track is analyzed and evaluated in the next measuring step. The value of 

the wear coefficient is determined on the basis of the applied values and the results of the trace measurement 

according to the relation [15]: 

K �  
∑ A��

�
�

n ∙ 1
F" ∙ ω ∙ t  , 

  (1) 

where:  K is the wear coefficient  [mm-3.N-1.m-1], 

n is the number of track measurements (6 measurements [15] are performed within the article, see 
Figure 3),  

Apn is the number of surface area of the wear trace [mm2], 

 FN is the normal force [N], 

 ω is the sample rotation speed [min-1], 

 t is the duration of the measurement [min]. 

The tribological properties were measured according to the following conditions: 

 a ball-shaped indentor of 6,3 mm diameter is made of hardened steel 100Cr6 with a hardness of 62 

HRC, 

 the temperature of the test and indentor measurements was 21 ºC, 

 tests were carried out without lubrication (dry friction), 

 the radius of rotation, i.e. the distance from the measurement contact point to the axis of rotation of 

the disk was (15, 17 and 20) mm with a load FN (5, 20 and 50) N, 

 relative speed v = 100 mm.s-1, total distance s = 500 m, measuring time t = 83,33 min. 

Scratch test was performed on experimental samples. This test is one of the basic methods of monitoring the 

adhesion of the coating system - substrate, respective coating - layer - substrate [15]. The principle of the 

method is loading the indentor, which moves horizontally. The indentor was loaded continuously with 

increasing force in the range of (0 - 190) N on the track with = 10 mm speed v = 1 mm.s-1. A scratch was 

formed by penetrating the indentor into the sample. This generates a stress at the interface which, when the 

critical value is reached, causes the coating to tear off from the substrate. The tribometer recorded the course 

of the normal FN and the tangential force Ft acting on the indentor, the friction coefficient values and the acoustic 

emission signal [16]. 

4. RESULTS AND DISCUSSION  

4.1. Ball on disc 

To evaluate the coefficient of friction, it is necessary to state that it is a dimensionless quantity defined as the 

ratio of normal and frictional forces. This value is influenced by the surface condition of the sample path 

outdated indenter, respective measurement time, environmental and other influences. The coefficient of friction 

also depends on the roughness of the surface. Due to the influence of surface irregularities, the contact surface 

of the indentor-test sample pair changes as the load changes.  
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When evaluating the friction coefficient, the average value measured in the “stable” part of the friction 

coefficient recording as a function of the measurement time is usually taken as its value. The average values 

from the friction coefficient measurements with the standard deviations of all samples are summarized in  

Table 2. 

Table 2 Friction coefficient values 

Sample identification 5 N load 20 N load 50 N load 

A (PN + DLC) 0.1164 ± 0.01261 0.1024 ± 0.00252 0.1129 ± 0.01869 

B (DLC) 0.1075 ± 0.01148 0.1047 ± 0.005911 0.1049 ± 0.0148 

Figure 4a shows the friction coefficients of all applied load values of the PN + DLC coating duplex system 

(sample A). The process of the friction coefficient only for the DLC coating (sample B) is shown in Figure 4b. 

It can be stated that both the PN + DLC coating duplex system and the DLC coating alone have a stable 

coefficient of friction throughout the test. The DLC coating was not significantly damaged during the test. 

Table 3 Wear measurement parameters 

Sensor type Range  Resolution Scanning speed 

Inductive sensor, DIA R2 
µm  

500 µm 
vertically transverse 

500 µm.s-1 

10 nm 2 µm 

 

Figure 4a The process of the coefficient of friction for sample A (PN + DLC) 

 

Figure 4b The process of the coefficient of friction for sample B (DLC) 
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The measurement traces of wear were carried out on a universal instrument for measuring surface texture 

Talysurf CLI 1000 using the inductive touch method. Wear stop parameters were evaluated using TalyMap 5.1 

software. The measurement parameters are shown in Table 3. The measured length was 10 mm with a 3 µm 

data acquisition step. All three tracks with selected radii and loads were analyzed in one measurement 

(scanning indentor crossing). 

Table 4 Wear coefficient values 

Sample identification 5 N load 20 N load 50 N load 

A (PN + DLC) 3.07E-09 1.50E-09 2.59E-09 

B (DLC) 8.40E-10 8.06E-10 6.05E-10 

 

Figure 5 Wear coefficient values  

As can be seen from the graphical representation of the wear coefficient values in Table 4 or Figure 5, the 

DLC coated sample B has the lowest wear values at all applied load values. This result is consistent with the 

test progress, the state of the test tracks, and the scratch test results. However, very similar values of wear 

coefficient were achieved with sample A with the PN + DLC duplex system. The measured difference in specific 

values may be within the accuracy when measuring the trace contents, which were very difficult to identify for 

both samples due to their small relative dimensions within the topography of the sample surface. 

4.2. Scratch test 

The Scratch test was run on a 10 mm path under a linearly increasing force in the range of (0 - 190) N. The 

results are records of the loading force, acoustic emission signal and the coefficient of friction. The critical 

loads show the forces at which the DLC coating and the duplex coating system rupture the coating and 

subsequently break the coating. 
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Figure 6 The critical loads Sample A (PN + DLC) 

  

Figure 7 Sample A (PN+DLC), 1st critical point Figure 8 Sample A (PN+DLC), 2nd critical point 

From the test record in Figure 6 and for Sample A, a duplex plasma nitriding and DLC coating system, the 

rupture and breakthrough values of the coating are evident. In this record in Figure 6, the acoustic emission 

curve intersects with a linear course of increasing load force. Since this is a compressive force, it is marked 

with a negative sign in the tribometer and the waveform is expressed downwards. Rupture of the coating was 

40 N, and break of the coating on the base material was 71 N. The rupture and breakage values of the coating 

were obtained as the mean of the three measurements. 

The course of the scratch test and its recording for DLC coated sample B is illustrated in Figure 9. The rupture 

and breakage of the coating are here at a higher critical load than the previous DLC coated sample. This is 

probably due to the substrate layer obtained by the plasma nitriding process. The rupture values of the coating 

correspond to a critical force of 54 N and the breaking values of the coating to a critical force of 94 N. In the 

Figures 10 and 11, images of the indentor trace after the scratch test are shown. The rupture and breakage 

values of the test samples are shown in Table 5. 
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Figure 9 The critical loads Sample B (DLC) 

  

Figure 10 Sample B (DLC), 1st critical point Figure 11 Sample B (DLC), 2nd critical point 

Table 5 Critical values of forces  

Sample Rupture of coating [N] Break of coating [N] 

A (PN + DLC) 40 71 

B (DLC) 54 94 

5. CONCLUSION 

Coatings and layers parameters were evaluated on samples. The samples were made in the form of flat rotary 

disks. These samples were evaluated by metallography and course of the microhardness of the surface into 

the core material. Tribological properties, i.e. the coefficient of friction, the coefficient of wear by the “Ball on 

Disc” method and the scratch resistance by the Scratch test were also evaluated. 
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Microhardness measurements clearly showed that sample A (PN + DLC) was tempered due to plasma 

nitriding. Samples with duplex system A (PN + DLC) and sample B coated with DLC achieved the same 

microhardness values of approximately 750 HV0.1 across the sample. 

The friction coefficient of all samples was measured at three load levels, namely (5, 20 and 50) N. For both 

measured samples, it has been shown that at all load levels, they have a minimum rise, in units of meters, to 

a stable friction coefficient value. This value is approximately 0,1 and is stable over the 500 m test track. The 

results of the measurements show a very fast leveling of the friction pairs and stabilization of the tribological 

conditions between the indentor and the surface of the test sample. 

The wear coefficient was calculated using formula (1). For this purpose, the track contents of the individual 

"Ball on Disc" exams were measured. The measurement of the trace contents was problematic because of 

their unclear shape, very difficult to distinguish from the roughness around the trace. Therefore, it is hard to 

precisely determine the coefficient values for the DLC coating. The results of the wear coefficient are in accord 

with the previous data obtained during testing of the coatings and their structural condition. 

Results from scratch test confirm previous results obtained in tribological testing of coatings of samples A and 

B. Higher critical rupture and breakage forces were measured for the DLC coating of Sample B compared to 

the Sample A duplex system. 

Based on the observed and measured values by the above mentioned technologies and methods of 

measurement it can be clearly stated that the DLC coating is the most suitable for practical application. 

Relatively similar results can also be achieved by applying a plasma nitriding + DLC coating duplex system 

(sample B). However, this application of the coating is related to the prolonged deposition time of the coating 

and increased financial demands. The practical importance is then questionable and the suitability of its use 

depends on the specific application, e.g. in relation to military technology. 
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Abstract 

Carbon steels as a construction materials are still very popular, but exposed to corrosion. Low-carbon steel is 

often used as a construction material for agricultural equipment. Corrosion is a result of the chemical and 

electrochemical environment influence on the material. In alloys and metals changes occur as a result of 

interaction with the surrounding environment. One of the most important factors constructional material is 

corrosion resistance, first of all in demanding animal environment. Slurry is a mixture of animals dung and 

urine. The aggressive corrosive constituents in slurry are urea, uric acid, naturally excreted chloride and as 

well as ammonia or ammonium salts. In practice roughness parameters for every of the research times can 

be used for determine the size of steel corrosion. Equipment with carbon steel can be easy built by welding 

quickly at a low price, but biggest problem in aggressive environment is their corrosion protection. The purpose 

of this article is to investigate corrosion resistance in different time (48, 96, 144, 192, 240, 288, 336, 384 hours) 

using weight loss and profile roughness parameters of structural steel in grade S235JR in natural animal slurry 

at 318 K. Corrosion tests show that the tested steel in animal slurry as a corrosive environments is 

characterized through continuous corrosion process whose measure may be surface roughness.  

Keywords: Steel, carbon steel, corrosion, corrosion rate, animal slurry 

1. INTRODUCTION  

Carbon steel is a popular material in the construction of machines and equipment for agricultural because is 

cheaper than more resistance but expensive stainless steel. The properties of low carbon steel are influence 

of different factors, including chemical composition, manufacturing technology, working conditions and other. 

The properties steel, are determined mostly by its microstructure. The structural low carbon steels have a 

ferritic-perlitic microstructure. The percentage of each microstructure phase shapes the properties of the steel. 

The main factor of properties with is microstructure depends on the manufacturing technology and heat 

treatments of steel. Corrosion resistance is one with more an important factor of the quality and application of 

structural steels. The S235JR low carb on steel is commonly used for agricultural industry. Apart of this 

negative corrosion effect have mostly other metals inclusions which are dependent on their shape, numbers, 

size and distribution. Corrosion processes are able to extract metal atoms from the metal lattice, which atoms 

during the process pass to corrosion products. Particularly dangerous is the corrosion causing local diffusion 

of metal atoms. The problem is huge because each with low-carbon structural steel is sensitive on corrosion. 

The corrosion rate first of all is depends of different environment.  

The accumulation of chemical elements with animal slurry near steel is the primary cause of corrosion. The 

results of corrosion of low carbon steel in machines and equipment for agriculture are geometry change can 

cause construction cracking, building up and increments of corrosion products what can caused to withstand 

load effects of constructions materials [1-3]. Usually corrosion of carbon steel was identified during the 

maintenance process. Unfortunately, corrosive processes of carbon steel can cause different forms of 

corrosion. Many researches are conducted to evaluate the performance of carbon and stainless steel 
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microstructures under a variety of corrosive conditions [4]. The wide variety of agricultural employed makes 

difficult to define where corrosion can be a little or most damaging. Corrosion in agricultural industry is also 

influenced by animal slurry and its products that have passed into the atmosphere such as chlorides vapors, 

NOx (NO2, NO3), SOy (SO2, SO4), and HzS where S is the acid residue (H2S, H2SO3) and other. The H2S is the 

most corrosive agent that dissolves in moisture films where it undergoes oxidation by aerobic bacteria to very 

agresive sulphuric acid H2SO4. Penetration corrosion processes of low carbon steel with animal products are 

very aggressive [5-7]. Slurry is a mixture of dung and urine, and farmyard manure and etc. The corrosive 

constituents in slurry are firs of all: ammonia and its salts, urea, uric acid, naturally excreted chloride. 

Consequence influence corrosion processes during the maintenance low carbon steel with animal slurry 

atmosphere can be atmosphere corrosion effect, too. The animal slurry is important corrosive environmental 

factors in agricultural industry. Having regard to the importance of the corrosion resistance for exploitation, this 

research was carried out to determination the corrosion resistance of low carbon structural steel in animal 

slurry. For intensification the corrosion process the samples was tested at temperature 318 K [8-9]. 

The obtained results may be interested for steel producers [10-12], biotechnology industry utilizing apparatus 

also working in aggressive environments [13-15] and for waste utilization branch [16,17]. The rate of 

destruction may be also of interest to data analysts i.a. in image analysis [18-20], temperature field modeling 

[21], statistical design of similar experiments [22], especially when associated with non-parametric uncertainty 

estimation [23-25]. Last but not least, it should be also taken into consideration in management systems 

[26-27]. 

2. MATERIALS AND METHODS 

The research was performed on low carbon S235JR (1.0038) steel plate t = 5.00 mm thickness with chemical 

composition according to the EN 10025-2:2004 Hot rolled products of structural steels. The real chemical 

composition of the tested steel is presented in Table 1. 

Table 1 Real mean chemical composition of the S235JR steel [wt. %] 

C Si Mn P S Cr Cu Ni N 

0.19 0.22 0.90 0.03 0.04 0.03 0.02 0.02 0.01 

The specimens from plate t = 5.00 mm thickness was cut mechanically samples to size 40 x 10 mm (area of 

about 13 cm2). Next the samples were polished with water paper successively to Ra = 0.32 μm, and cleaned 

by 95 % C2H5OH. The samples despite the ferritic-perlitic microstructure were tested in accordance with the 

standard dedicated for stainless steel ISO 3651-1:1998 Determination of resistance to intergranular corrosion 

of stainless steels. The application of the criteria provided for stainless steel was intended to enable 

comparative assessment of the corrosion resistance of carbon steel and stainless steel in the future. Animal 

slurry mean chemical compositions and parameters as a corrosive media is presented in Table 2 [29]. The 

corrosion resistance steel was tested by measurement of loss in mass (Huey test). 

The corrosion rate of S235JR steel measured in mm per year was calculated with the use of the below formula 

(1), measured in g·m-2 was calculated with the use the below formula (2): 

&'()* � +,-.∙*
/∙0∙1   (1) 

&'()2 � �....∙*
/∙0  (2) 

where:   

t - time of treatment in a corrosive solution of boiling nitric acid [hours], 

S - surface area of the sample [cm2], 
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m - average mass loss in boiling solution [g], 

 - sample density [g/cm3]. 

Table 2 Mean chemical compositions and parameters animal slurry 

P K Mg Ca Na Cu Zn NO3 

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

175 158 6.4 39.2 102 0.08 0.41 35 

PH EC BOD COD TKN 

 (mS/cm2) (mg/L) (mg/L) (g/L) 

6.7 5.86 2350 2980 1.82 

EC - electric conductivity, BOD Biochemical oxygen demand, COD - chemical oxygen demand,  

TKN - Total kjeldahl nitrogen 

The influence of animal slurry on the S235JR carbon steel corrosion resistance was investigated using weight 

loss. The mass of samples were measured by Kern ALT 3104AM general laboratory precision balance with 

accuracy of measurement 0.0001 g. The time range of research was: 48, 96, 144, 192, 240, 288, 336, 384 

and 432 hours with accuracy of measurement 2 minutes. 

Profile roughness parameters were analyzed according to the PN-EN 10049:2014-03 standard (Measurement 

of roughness average Ra and peak count RPc on metallic flat products) by the Diavite DH5 profilometer. 

3. RESULTS AND DISCUSSION 

The result of time influence the soaking the S235JR carbon structural steel in animal slurry at temperature 

318 K on the relative mass loss (RML) with determination coefficient is presented in Figure 1. The course of 

relative mass loss is well expressed in the exponential curve. With increasing soaking time, a progressive 

increase in the corrosive wear of steel was noted. This can be explained by systematic development of the 

surface of the tested steel. Thus, the impact of animal slurry with similar intensity on a larger surface causes 

an increase in the weight loss of steel. These assumptions confirm the results test the roughness parameters 

of S235JR steel for different corrosion time with determination coefficient is presented in (Figure 2) for Ra and 

Rq and in (Figure 3) for Rt and Rp. 

 

Figure 1 Percentage effects of corrosion time on the relative mass loss (RML) of S235JR carbon steel 

after corrosion tests in animal slurry at temperature 318 K 

The effect of corrosion time on the corrosion rate measured in mm per year of S235JR steel after corrosion 

tests in animal slurry at temperature 318 K with determination coefficient is presented in (Figure 4). The 

effect of corrosion time on the corrosion rate measured in gram per m2 of S235JR steel after corrosiontests 

in animal slurry at temperature 303 K with determination coefficient is presented in (Figure 5). 
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Analyzing the corrosion rate determined both in mm per year (Figure 4) as well as gram per m2 (Figure 5), 

similar as in paper [28,29], different angles of the curve were observed. It was depended on the time of steel 

soaking in animal slurry at temperature 318 K. 

 

Figure 2 Profile roughness of S235JR carbon steel after corrosion tests in animal slurry at temperature 318 

K for different corrosion time: Ra - arithmetical mean roughness value (μm); Rq - mean peak width (μm) 

 

Figure 3 Profile roughness of S235JR carbon steel after corrosion tests in animal slurry at temperature 

318 K for different corrosion time: Rp - maximum roughness depth (μm); Rt - total height of the roughness 

profile (μm) 

 

Figure 4 The effect of corrosion time on the corrosion rate measured in mm per year of S235JR carbon steel 

after corrosion tests in animal slurry at temperature 318 K 

A slight increase in corrosion rate was observed during the first 96 hours. After extending the time, the 

corossion rate increased intensively. After soaking more than 240 hours in an aggressive environment, the 

corrosion rate began to slow down. This nature of changes can be explained by the slow formation of steel 

surface development in the first period of tested S235JR carbon steel. Then the rapid development of corrosion 

was caused by the rapid progressive increase of the contact surface of the aggressive environment with steel 

in the second period. In the third soaking period of steel tested , the corrosion rate stabilizes (Figures 4 and 5), 

but the mass loss continues to increase exponentially (Figure 1).  
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Figure 5 The effect of corrosion time on the corrosion rate measured in gram per m2 of S235JR carbon steel 

after corrosion tests in animal slurry at temperature 318 K 

4. CONCLUSION 

In the study of the steel corrosion process, for a better presentation of its course one should present both the 

result of time the soaking the S235JR carbon structural steel in animal slurry on the relative mass loss as well 

as corrosion rate.  

Corrosion rate equations, despite their inclusion in the standard for stainless steel, give good sense also for 

carbon steel. To better present the course of corrosion over time, the percentage corrosion loss and corrosion 

rate should be given simultaneously. The animal slurry environment is very aggressive and acid-proof steel 

should be used for equipment working in contact with it. 
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Abstract 

The specific feature of modern Russian paintwork material (PWM) market is an import share rise along with 

foreign manufactures extensive expansion. Russian market range of PWM contents above 3000 items, 

considering both PWM being used in household and foreign products. Import products are 25 - 30 % of Russian 

PWM market volume. High level of rivalry, marketing battle between foreign and domestic manufactures is 

common for it. Major PWM exporting countries in Russia are: German (14 % of total amount), Finland (11%), 

Belarus (9.7 %), Estonian (9 %), USA (8.9 %), Korea (7.5 %), Lithuania (7 %). According to «Symbol 

Marketing» agency data, Tikkurila (Finland), AkzoNobel (Sweden), Meffest AG (German), PPG-Helios (Italy-

Slovenia), BASF (German), Jobi (German), Teknos (Finland), Marshall (Turkey), DuPont (USA) lead among 

the manufacturing companies exporting their PWM in Russia. The main domestic PWM competitiveness rise 

condition is establishment of common quality, endurance, ecological safety and evaluating methods standards 

accepted as in Russia so in other countries. This scientific research made for PWM manufacturers and 

consumers solves International Organization for Standardization (ISO) and Russian National Standart (GOST) 

interaction problem in order to standardize Russian PWM output and increase its competitiveness at the 

international market.  

Keywords: Paintwork materials (PWM), corrosion-resistance, paint technologies, ISO, GOST 

1. INTRODUCTION 

Paint coating (PC) endurance requirements and its evaluating methods are standardized in Russia with 

Russian National Standart: GOST 9.401-91 “Paint coating. Common demands and accelerated environmental 

resistance tests methods”. Standard has been elaborated in the second half of 1980-s and nowadays it 

completely corresponds to Russian paintwork industry condition. Range of GOST recommended PWM and 

PC has been extended with alkyd and modified alkyd, epoxy and water-dispersion PWM and consists above 

1000 items. Nowadays the number of PWM on the Russian market is above 3000, considering household 

PWM and foreign-made products. It is impossible to extend range of GOST recommended PC more. In 

conditions of high market rivalry, it is necessary to accept new requirements on PWM and PC and adjust it to 

ISO compulsory. 

2. EXPERIMENTAL PART 

GOST 9.401-91 PC operating conditions requirements are connected with GOST 15150-69 product realization 

categories by environmental exposure impact. It includes temperature and humidity, environmental 

corrosiveness rate and category of product location (open-air, awning, room). Developing accelerated 
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techniques, we have considered environmental impact (temperature, humidity, solar radiation) and the 

corrosive agents volume in the environment [1].  

ISO 12944:1998 “Paints and varnishes. Corrosion protection of steel structures by protective paint systems” 

is the foreign international standard, rationing metal corrosion protection demands. The standard categorizes 

environment according to speed of metal weight or thickness loss due to electrochemical and chemical 

corrosion. Meanwhile, the PC lifespan is defined by theoretical protective paintwork system endurance being 

counted until the first overhaul [2-4]. Basing on this categorizing, the methods of accelerated tests and its 

endurance have been formed so as to define the PC lifespan. 

In this scientific research the author’s team opinion about aforementioned standards interaction is shown. It is 

practically relevant to PWM manufacturers and consumers. Many industries are already using ISO 

12944:1998. E.g., Russian and foreign standards requirements are used in industry road guiding document 

IRG 218.4.002-2009, in which rules of structures, bridge connections, fences and road signs, being exploited 

on Russian roads, corrosion protection are written, and they are also used in anticorrosion protection of tanks 

guiding document GD-05.00-45.21.30-КНТ-005-1-05.  

To our mind, interaction between GOST 9.104-79, GOST 15150-69 and ISO 12944:1998 in terms of 

environmental factors interplay can be represented as it shown in Table 1. 

Table 1 Terms of products with GOST 9.104 coating exploitation depending on GOST 15150 atmosphere  

types and ISO 12944-2 atmospheric corrosion activeness category 

In compliance with GOST 9.401-91 requirements, a coating lifespan in exploitation conditions of temperate 

and cold climate should be above 2 years, in exploitation conditions of tropical, marine climate and also general 

climatic and all-climatic modifications it should be above 1 year. Obviously, it is not enough to compete with 

foreign PWM. In ISO 12944:1998, a lifespan equal 2-5 years is considered as a short one. Almost 90 % of 

GOST 9.401-91 branded range has short lifespan. Less than 10 % of GOST 9.401-91 branded range has an 

average lifespan (5-15 years, according to ISO 12944:1998) and only 1 - 2 % has a long lifespan (above 15 

years, according to ISO 12944:1998). We consider, that new PWM brands with a short lifespan should be 

developed only to replace outdated ones with taking the last out of the stock. Creating recommended PWM 

range with medium or long lifespan is necessary. Only PWM with lifespan of 10 - 15 years can compete with 

foreign PWM brands. It is known, that the accelerated tests, which are needed to confirm given lifespan, take 

3 - 4 months and demand an expensive testing equipment, qualified staff and a round-the-clock monitoring of 

GOST 15150 
atmospheric type 
(designation and 

name) 

Designation and name of ISO 12944-2 exploitation conditions  

C1 
very 
low 

C2  

low 

C3  

medium 

C4 

high 

C5-1 very 
high 

(industrial) 

C5-M very 
high 

(marine) 

I conditionally clean 
N3, 

NF3, 
NF4 

N1, N2, NF1, 
NF2, T1, T2, 
T3, U4, MU4, 

W4 

N1, N2, NF1, T1, 
T2, U1, U2 

- - - 

II industrial 
N3, 

NF3, 
T3 

N2, N3, NF1, 
NF2, NF3, 
T1, T2, T3 

N1, N2, N3, 
NF1, NF2, NF3, 
T1, T2, T3, U1, 

U2 

N1, N2, 
NF1, NF2, 
T1, T2, U1, 

U2 

N1, N2, T1, T2 - 

III marine - - T3, MU3, W3 
T3, MU3, 

W3 
- 

T1, T2, 
MU1, MU2, 

W1, W2 

IV seaside-industrial - - TЗ - - - 
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experiment process. That is why we ran some preliminary tests to make accelerated tests based on ISO 12944 

expedient (results are shown in Table 2). 

Table 2 Preliminary GOST 9.104 and ISO 12944-2 PWM tests (comparative analysis) 
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C2 

 

N1, N2, N3 

2-5 - - - - 48 

5-15 - - - - 48 

> 15 - - - - 120 

NF1, NF2, 

NF3 

2-5 2 - - - 48 

5-15 2 - - - 48 

> 15 2 - - - 120 

C3 

N1, N2, N3 

2-5 - 120 - - 48 

5-15 - 240 - - 120 

> 15 - 480 - - 240 

NF1 NF2, 

NF3 

2-5 2 120 - - 48 

5-15 2 240 - - 120 

> 15 2 480 - - 240 

С4 

T1 

2-5 - 240 100 - 120 

5-15 - 480 100 - 240 

> 15 - 720 100 - 480 

T2, T3 

2-5 - 240 - - 120 

5-15 - 480 - - 240 

> 15 - 720 - - 480 

C5-1 

T1 

2-5 - 480 100 10 240 

5-15 - 720 100 20 480 

> 15 - 1440 100 30 720 

T2, T3 

2-5 - 480 - 10 240 

5-15 - 720 - 20 480 

> 15 - 1440 - 30 720 
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C5-1 

U1 

2-5 2 480 100 10 240 

5-15 2 720 100 20 480 

> 15 2 1440 100 30 720 

U2 

2-5 2 480 - 10 240 

5-15 2 720 - 20 480 

> 15 2 1440 - 30 720 

C5-M 

MU1, MU2, 
MU3 

2-5 - 480 - - 480 

5-15 - 720 - - 720 

> 15 - 1440 - - 1440 

W1 

2-5 2 480 100 10 480 

5-15 2 720 100 20 720 

> 15 2 1440 100 30 1440 

W2, W3 

2-5 2 480 - 10 480 

5-15 2 720 - 20 720 

> 15 2 1440 - 30 1440 

Defining PC lifespan, it is inexpedient to be guided by ISO 12944:1998 only. The standard allows too wide 

interval of PC lifetime, but does not consider environmental factors, solar radiation, that cause photo-oxidative 

degradation of film-former, changing photochemical activity of pigments and fillers, processes of structure 

formation, aging and irreversible properties changes in PC [5-7]. In addition, influence of temperature 

fluctuations is not considered, especially swings with passing through 0 °C, which could cause micro- and 

macrocrackings as a result of moisture sorption, desorption and its freezing in PC. Prolonged low temperature 

exposure, typical for Russian Federation’s areas with temperate and cold climate, also is not considered in the 

standard. According to NPO «Varnish-and-Coatment» data, adhesion declines in PC film because of inside 

tensions after prolonged low temperature exposure, as a result, PC can crack and peel off. These kinds of 

destruction are not typical for PC exploited at the area of Western European and other countries with temperate 

climate [8-10]. Moreover, ISO 12944:1998 has impact only on PC covering steel and galvanized steel. 

According to this standard, some tests are unacceptable for water-dispersion PWM. The standard does not 

include powder PC, PC made of thermosetting enamels or hot-drying enamels, PC with more than 2 mm 

thickness, PC used in tank cladding [1]. However, it is necessary to use with special carefulness the results 

got during researches and tests demanded by the standard. Sometimes the test results make give up efficient 

protective PC, because it does not stand the tests. In order to determine PC lifespan, ISO 12944:1998 notes 

the necessity of additional cyclic tests applying UV radiation and temperature fluctuations. 

3. RESULTS AND ITS DISCUSSION 

It is considered premature for lots of paint and varnish factories to shift to ISO 12944:1998 in determining 

operating conditions and PC lifespan. Despite the standard is widely used in Europe to determine PC lifespan, 

there are quite a few publications evidencing low correlation between natural and accelerated tests. According 

to «Jortun» firm data, in determining real PC lifespan there are next correlation coefficients used in Holland: 

natural tests - 0.85; water resistance tests - 0.45; salt fog tests - 0.5; cyclic tests - 0.65. Salt fog tests have 

high correlation in a case of metal surfaces, but there is no satisfactory correlation detected in a case of organic 

surface. There are different corrosion products formed in normal natural conditions (with the exception of 

marine settings and chemical factory’s conditions), than during salt fog tests. According to NPO «Varnish-and-

Coatment» research data, the salt fog test method (the spreading of corrosion from an incision) has proved 

itself for evaluating the quality of a surface preparation among water-borne, electrophoresis and inhibited 
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PWM, i.e. during evaluating the character of interactions between PC and painted surface, but not its barrier 

properties. European colleagues have similar conclusions. 

There are international and national standards used in international practice. For instance, ISO 11997-1:2005 

establishes the methods of accelerated tests, in which PC are exposed to cyclic impact of salt fog, are dried 

and moisturized. The researches show, that tests held by mentioned standard have high correlation with 

results of natural tests. Moreover, one of the methods has high correlation with results of exploitation PC on 

automobiles in Japan and USA, another one - in Europe, the third, according to Great Britain data - for water-

dispersion paints. 

Russian Federation climate, unlike European, Great Britain and others, is characterized as harsh continental, 

that is expressed by: high daily and annual temperature fluctuations, prolonged frosts in wintertime, rapid daily 

fluctuations of air temperature in spring and summer, short hot summer. Furthermore, 2/3 of Russian 

Federation area belongs to cold climate zone, where in winter temperature can decrease until (-45) - (-60) °C. 

We developed cyclic tests for temperate climate basing on results of natural PC tests held on climate stations 

in Khotkovo (Moscow region), Moscow, Zvenigorod, Skovorodino (Amur region), Letnany (Czech Republic), 

Orgovan (Hungary); for cold climate - in Yakutsk, Norilsk, Magadan, Murmansk; for tropical climate - in Yemen, 

Havana, Vietnam, Georgia, Uzbekistan; for marine climate - on ships passing through water areas of tropical 

seas and Arctic Ocean. GOST 9.401-91 tests methodologies have high correlation with natural tests results. 

The forecasting mistake is ±10 %. Using mostly ISO standards to determine PC lifespan is inexpedient 

because of climate features of Russian Federation. Besides, comparing with foreign methods, GOST 9.401-

91 accelerated tests modes are stricter due to increased intensity and frequency of environmental factors 

impact, applied without distorting the character of physical-chemical processes, occurred in PC film. Because 

of that, accelerated tests could be successfully used for evaluating PC durability both for domestic market and 

for export. Using accelerating coefficients for different exploitation conditions, it is possible to forecast PC 

lifespan with sufficient reliability. 

It is expedient to accept ISO 12944-5:1998 demands as anticorrosion properties evaluation criteria for PC with 

long life cycle. According to this standard, requests for PC are tests results, basing on which is defined the PC 

applicability for anticorrosion protection. PC should be being tested until reaching 2-3 (S2-S3) degree of 

bloating (bubbles), cracking and peeling and Ri corrosion according to ISO 4628-3:2003. This condition 

according to GOST 9.407-84 is equal generalized score 3 (there are allowed visible destruction of outer layer 

till 5 % of the surface and corrosion till 1 % of the surface with corrosion damage size till 0.5-1 mm). Such PC 

faults requires local repairing painting. Full recovery (repainting) of protective coating is realized in case of 

decaying up to 20 % of product total surface area with corrosion degree K4-K5. 

PC lifespan has high economic and ecological significance [2]. Efficient protection of industrial objects provides 

resource saving, prolonging their lifespan and exploitation period. There are data showing, that inefficient 

anticorrosion protection leads to losing e.g. 25 millions € per year in German. It is worth saying that in a case 

of annual tightening of environmental legislation in Europe ecological integrity of PWM becomes a question of 

their competitiveness on market. PWM volatile components emission limitations are being imposed. The 

sphere of using pigments, based on plumbum and chromium (IV), is shrinking. The number of countries forbids 

using of ethylene glycol in pigment pastes. 

Nowadays, less than 15 % of PWM made in Russia completely match directive demands accepted among 

European Union countries. 

Tightening of ecological safety requests for produced PWM and their detrimental impact on environment 

decrease establish additional tasks to PWM manufacturers. E.g. PC intended to do interior building work must 

not contain mercury, arsenic, lead, chromium (IV), cadmium and their compounds. PWM must not contain 

benzene, pyrobenzene, chlorinated hydrocarbons and methanol. 
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Along with main designation PWM demands and regulatory documents registration, their lifespan and 

ecological safety confirmation, requirements of increasing PC lifespan are made. Nowadays, at Russian 

market the share of PWM with prolonged lifetime, being able to compete in technical indicators with foreign 

analogs, has been raised. 

4. CONCLUSION 

Thus, nowadays an urgency to revise GOST 9.401-91 has appeared as we should take into account modern 

ecological, economic and exploitation demands to PC. In order to increase competitiveness of domestic PWM 

at the international market, it is necessary to form a range of PC with medium (5 - 15 years) and long (more 

than 15 years) lifespan, which would satisfy requests of European and international standards. To actualize 

its standards NPO «Varnish-and-Coatment» is going to significantly change branded range of PWM and align 

it to modern demands to be able to compete with foreign brands. 
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Abstract 

Superalloys with cobalt as a base material are widely used among different industry applications. Their main 

advantages are excellent corrosion and wear resistance. Material CoCrTaAlCSiY was chosen for this study as 

an unexplored representative of Co-based superalloys with a potential for good tribological behavior. This 

paper follows the results of previous paper called “Microstructure and Tribological Behavior of HVOF Sprayed 

and Laser Remelted CoCrTaAlCSiY Coatings”. In this paper are also presented three states of HVOF sprayed 

and post laser treated coatings of CoCrTaAlCSiY (as spray state and two different laser treatments varying in 

specific energy of laser). Pin-on-disc test was carried out to evaluate wear behavior. XRD analysis was done 

to reveal phase transformations between FCC and HCP. A positive effect on wear coefficient for both laser 

treated CoCrTaAlCSiY coatings was proved. 

Keywords: HVOF, CoCrTaAlCSiY, laser heat treatment, pin-on-disc, XRD 

1. INTRODUCTION 

Modern industry applications such as power generation, aerospace, chemical industry or medicine 

continuously increase its demands concerning increasing material properties. On the other hand there are 

tendencies to reduce total costs. Especially in applications where high corrosion and wear resistance is 

required, there is opportunity to meet new kinds of materials. Thermal spray technologies combine excellent 

material properties and simultaneously enable the reduction of manufacturing costs. A coating material with 

superior properties is applied on the surface of a component manufactured from common used and cheap 

material. There is a wide range of different methods of thermal spraying processes. Their usage varies 

according the feeding material, application of the coating, quality requirements, etc. One of widely used thermal 

spraying method is HVOF (High Velocity Oxygen Fuel Spraying). The HVOF coatings are generally 

characterizes by low porosity and high adhesion to substrate [1]. In certain applications could an additional 

heat treatment be beneficial for improving of material properties. It is also possible to apply heat treatment to 

HVOF coatings. Laser surface remelting (LSR) is one of modern heat treatment methods [2]. Application of 

laser heat treatment on thermal sprayed coatings could generally result in elimination of porosity and intersplat 

boundaries. Changes in microstructure depend on the amount of heat treatment and under specific conditions 

could lead to improvement of corrosion and wear resistance. 

There exists a wide range of wear resistant materials which chemical composition could vary a lot. Composites 

of hard carbides with a metallic matrix are typical examples of the wear resistant material, such materials are 

often composed of chromium carbides Cr3C2 or tungsten carbides WC which are distributed in Fe, Co or Ni-

based metallic matrix. Commonly used representatives of wear resistant composites are Cr3C2-25NiCr [3], 

Cr3C2-25CoNiCrAlY [4], WC-Co [5,6] and WC-Cr3C2-Ni [7]. Another wear resistant group of materials are 

superalloys, which are well known but still not enough studied. Ni-based superalloys could be represented by 
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NiCrBSi [8] or Hastelloy C-276 alloy which was researched previously [9]. Co-based superalloys could be 

represented by group of so called Stellites [10] with a typical example of Stellite 6 (CoCrWC alloy). 

The material CoCrTaAlCSiY is also Co-based superalloy with a high potential for wear resistance. Up to now, 

just a small attention was paid to this promising coating material The CoCrTaAlCSiY is mainly manufactured 

as a powder for thermal spray coatings. Chromium (23-27 wt%) is responsible for oxidation resistance, 

presence of tantalum (6.9-9.5 wt%) could lead to formation of tantalum carbides TaC which are harder than 

carbides Cr3C2 and yttrium content up to 1 wt% within Co-based alloys can cause improvement of tribological 

behavior [11]. These characteristics stay behind the selection of CoCrTaAlCSiY as a experimental material for 

wear resistant HVOF coatings of this paper. Target of this study is characterization of laser heat treated HVOF 

coatings of CoCrTaAlCSiY superalloy. This study follows the results which were reported in [12] and 

supplements it with an additional tests and analyses. This paper offers evaluation of pin-on-disc wear test, 

EDX analysis and XRD analysis. To ensure comparability to previous paper [12] the same HVOF and laser 

parameters settings were selected. 

2. EXERIMENTAL PROCEDURES 

2.1. Coatings preparation 

As a substrate for HVOF thermal spraying the grit blasted plates of common 11 523 steel with the dimensions 

200 mm  100 mm  10 mm were used. The Al2O3 powder F22 with a grain size 0.8-1 mm was used for grit 

blasting process. The HVOF thermal spraying process itself was carried out in VZÚ Pilsen s.r.o. by HP/HVOF 

JP5000 TAFA model 5220 spraying equipment. As a coating material, commercially available gas atomized 

powder FST 469.001 CoCrTaAlCSiY from Amperit product line with nominal chemical composition of 23-27 

wt% Cr, 6.9-9.5 wt% Ta, 6.5-8.5 wt% Al, 0.6-0.9 wt% C, 0.6-0.9 wt% Si, 0.6-0.9 wt% Y and balanced Co was 

used. As a carrying gas was used nitrogen which prevents melted CoCrTaAlCSiY particles from increased 

oxidation. 

The subsequent laser heat treatment of HVOF coatings was carried out in New Technologies Research Centre 

of University of West Bohemia by HPDD 4 kW laser Coherent HighLight ISL-4000L with wave length 808 ± 10 

nm. To prevent coating layers from cracks caused by high thermal gradient, the preheating up to 350 °C was 

applied for all samples. Two different laser settings (LR1 and LR2) were applied on HVOF coatings, for the 

setting LR1 it was: power 1070 W, specific energy 5.4 J/mm2, traverse speed 16.7 mm/s and spot size 12 mm 

x 1 mm and for the setting LR2 it was: power 1070 W, specific energy 17.8 J/mm2, traverse speed 5 mm/s and 

spot size 12 mm x 1 mm. 

2.2. Coatings analyses 

For experimental procedures three kinds of CoCrTaAlCSiY coating specimens were prepared: as-sprayed 

state of coating and two subsequently laser treated specimens (LR1 and LR2). Automated grinding and 

polishing equipment by Struers was used for grounding and polishing of the cross sections specimens 

according standard procedures for HVOF coatings. Microstructure of prepared specimens was observed with 

usage of scanning electron microscope EVO MA 25 from Carl Zeiss, equipped by EDX detector X-Max SDD 

from Oxford Instruments. Images from SEM were supplemented by points, lines and maps EDX analyses. 

Image analysis of SEM images was carried out in program ImageJ in order to evaluate amount of coatings 

porosity. 

The XRD analysis was performed in New Technologies Research Centre of University of West Bohemia.  The 

structure of the samples was observed by XRD using an automatic powder diffractometer X´Pert Panalytical 

Pro with x-ray tube CuKα radiation ( = 1.540598 nm). XRD patterns were collected using symmetric geometry 

θ-θ in the range of 30 to 100 degrees. The patterns were collected by ultra-fast semiconductor detector PIXcel 
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with high resolution. ICDD database of powder diffraction patterns was used for evaluation of phase 

composition. 

The tribology behavior of all tested specimens was evaluated by pin-on-disc wear test (ASTM G99-17) on the 

previously ground (ca. 0.04 Ra) and polished surfaces. As a testing equipment the tribometer CSEM from 

CSM Instruments was used and the parameters were as follows: 10 N normal force, corundum (Al2O3) 

counterpart (6 mm diameter ball), 3.5 mm radius of sliding track, 10 cm/s sliding speed, 5000 cycles and 110 

m total sliding distance. The depths of sliding tracks were measured with usage of laser microscope OLS5000 

from Olympus, then the total volume loss was calculated. Afterwards the sliding wear behavior at room 

temperature could be described by measured coefficient of friction (COF) and calculated wear coefficient (K). 

3. RESULTS AND DISCUSSION 

This study follows the results of previous paper [12] and adds new methods of analyses in order to understand 

tribological behavior and microstructure changes after laser heat treatment of HVOF sprayed CoCrTaAlCSiY 

coatings. 

3.1. Microstructure 

For microstructure of HVOF as-sprayed CoCrTaAlCSiY coatings (Figures 1a, 1b) is typical dense web of 

individual splats with small amount of porosity (1.5 ± 0.4 %) which occur especially along the splat boundaries. 

White spots on Figure 1a were identified by EDX analysis as tantalum carbides TaC, their size is in the order 

of tens μm. On the boundary between substrate and coating are occasionally visible particles of Al2O3 

(Figures 1a, 1c) which were stuck in substrate after grit blasting. 

 

Figure 1 SEM of microstructure for HVOF sprayed CoCrTaAlCSiY coatings:(a, b) as-sprayed,  

(c, d) laser treatment LR1, (e, f) laser treatment LR2 

Microstructure of LR1 coating (Figures 1c, 1d) is partly recrystalized, the depth of heat treatment is roughly a 

third of coating thickness. In upper coating layer the intersplat boundaries completely vanished and porosity is 

generally lower (0.7 ± 0.1 %) and typically concentrated to clusters. Heat treatment additionally lead to 

precipitation of very small TaC particles in heat affected zone. These TaC particles grow up toward the coating 

surface, their size is ca. 0.1-1 μm. Laser parameters LR2 resulted in heat treatment of complete coating 
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thickness (Figures 1e, 1f), it was also confirmed by EDX analysis which shows dilution of Fe from substrate 

into coating material. Final coating is more compact and homogenous than as-spayed coating. Porosity (0.5 ± 

0.1 %) is the lowest from the measured specimens. The TaC precipitation continued and size of such TaC 

particles increased in comparison to LR1 coating up to several μm in the top coating layer. Microstructure of 

LR2 coating is characterized by zones (Figure 1f) which are rich on Co and Al, and areas among them are on 

the other hand rich in Cr, Ta and Si and these Ta rich areas serve as a place for TaC nucleation. EDX analysis 

(Figure 2) revealed chemical composition of coatings microstructure. 

 

Figure 2 EDX analysis of HVOF sprayed CoCrTaAlCSiY coating with laser treatment LR2 

3.2. XRD analysis 

The XRD analysis reveal the phase composition of all tested specimens. The results are shown as volume 

fractions in Table 1. 

Table 1 Volume fractions of individual phases obtained from XRD analysis of HVOF sprayed CoCrTaAlCSiY 

 coatings 

Specimen 

Phase composition 
(vol%) 

Co2.00 
(HCP) 

TaC / TaO 
(FCC) 

CoSi2 

(FCC) 
Cr 

(BCC) 
Al80Cr20 

(icosahedral) 
Cr0.9Si0.1 

(BCC) 
Cr0.1Ta0.9C 

(FCC) 
Y3Al5O12 

(cubic) 

as-sprayed 56.43 15.16 9.47 18.94 0 0 0 0 

LR1 37.67 24.31 0 0 6.13 31.89 0 0 

LR2 21.34 17.00 0 0 0 29.18 15.71 16.77 

From Table 1 is evident that the dominant phase of CoCrTaAlCSiY as-sprayed coating is Co2.00 with hexagonal 

close-packed (HCP) structure. Additionally, there is certain amount of Cr and CoSi2. The TaC and TaO have 

face-centered cubic (FCC) structure and they are in Table 1 listed as one phase because of very close 

diffraction lines. E.g. for the strongest diffraction line (111) is the difference 0.057° 2θ and the difference in 

lattice parameters is at fourth decimal number (TaC has 0.4447 nm and TaO has 0.4440 nm). For as-sprayed 

coating can be assumed that this phase composes almost exclusively from TaC because of nitrogen shrouding 

during HVOF deposition. The laser heat treatment of LR1 specimen lead to transformation of originally 

dominant Co2.00 phase to bigger amount of TaC/TaO phase and to body-centered cubic (BCC) Cr0.9Si0.1 phase. 
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Laser heat treatment with higher specific energy (LR2) lead to continued reduction of original HCP phase of 

Co2.00 and on the other hand, begin to appear more complex carbides (Cr0.1Ta0.9C) and oxides (Y3Al5O12). 

3.3. Pin-on-disc test 

Evaluation of pin-on-disc wear test (ASTM G99-17) is shown in graphs in Figure 3 and Figure 4. Coefficient 

of friction (COF) recorded during complete duration of pin-on-disc test reveal slightly increasing gradient for all 

tested specimens. Main wear mechanism of all specimens is abrasion. Both laser treated parameters (LR1 

and LR2) show similar COF which is ca. 15 % lower that COF of as-sprayed coating. It could be explained by 

vanishing of intersplat boundaries in heat affected zone which prevents from delamination of individual splats 

during pin-on-disc test. Laser heat treatment positively affected wear coefficient (K). It is more obvious for LR2 

specimen. This reduction of K is most likely due to precipitation of hard TaC particles in heat affected zone. 

 
Figure 3 Coefficient of friction (COF) recorded during complete pin-on-disc wear test 

  
Figure 4 Average coefficient of friction (COF) and wear coefficient (K) evaluated from pin-on-disc wear test 

4. CONCLUSION 

This paper is focused on evaluation of laser heat treatment applied on the HVOF sprayed coatings of 

CoCrTaAlCSiY. Results of pin-on-disc wear test, SEM with EDX analysis and XRD analysis which are listed 

in this study complement wear and erosion tests reported in previous study [12]. The pin-on-disc test confirmed 

positive effect of laser heat treatment on COF and K which are in good agreement with results of linearly 

oscillating ball-on-flat wear test (ASTM G-133). Improved wear behavior of laser treated specimens is caused 

by several factors. Firstly, is there a certain effect from microhardness changes related to vanishing of porosity. 

Second more dominant factor is presence of hard TaC particles which were confirmed by EDX and XRD 

analyses. Images from SEM reveal that TaC particles are growing with increasing laser heat treatment. TaC 
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hard particles serve as an obstacle during abrasion thus increasing wear resistance of CoCrTaAlCSiY coating 

is more evident for LR2 specimen with higher specific energy of laser. 
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Abstract  

The design of implants and functional prostheses requires superficial modifications that promote fast and 

lasting osseointegration. Magnetron sputtering enables to design nanostructured and textured β-Ti rich Ti-

22Nb-10Zr (wt.%) coatings with variable mechanical properties (hardness and Young’s modulus). Depending 

on the magnitude of the bias voltage used during deposition of the coating, martensitic transformation from the 

unstable β (bcc) to α” (orthorhombic) phase is activated. This transformation induces compressive residual 

stresses modifying the tensile strength, hardness and Young's modulus. The residual stresses were measured 

by nanoindentation, the microstructure and phase evolution were characterized by X-ray diffraction. The spatial 

phase distribution was determined by transmission electron microscopy. The calculated real hardness 

increases from 2.1 to 4.1 GPa as the bias voltage is increased from 0 to -148 V. The calculus confirms that 

the coating has a non-linear elastic behavior.  

Keywords: Biomaterials, Non-toxic beta-rich Ti coatings, Martensitic phase transformation, Residual 

stresses, Nano-mechanical characterization 

1. INTRODUCTION  

In recent years, considerable effort has been made in the development of implants and prostheses with a 

longer lifespan and better performance by surface modification techniques and/or by the design of coatings 

[1,2]. Nevertheless, the design of protective coatings, capable of interacting with a dysfunctional hard tissue, 

requires a balance of mechanical properties, such as high strength (~800 MPa) and low Young’s modulus, 

great fracture toughness and fatigue resistance, together with a high wear-corrosion resistance to body-fluids 

and bone bonding ability. In order to get this balance, the development of nanostructures for imparting 

multifunctionality should be included, since the bone/implant interface presents a better mechanical and 

biological compatibility when implant surface is composed of nanograins [3]. For this goal, magnetron 

sputtering presents clear advantages over other coating techniques by allowing a strict control of the 

homogeneity of thickness and chemical composition.  
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The fabrication of nanostructured layers of metastable β-phase rich Ti alloys retained at room temperature 

requires the addition of β phase stabilizing elements and the optimization of sputtering conditions. Young’s 

modulus value may be adjusted as a function of the balance between different phases, since Young’s modulus 

of the hexagonal α phase [4] is almost twice of the cubic β phase [5,6]. Depending of the initial Nb/Zr ratio, the 

increase of the bias voltage allows to induce a martensitic transformation (β  α”) in situ during the sputtering 

deposition. In consequence it is possible to manipulate the mechanical properties as a result of higher or lower 

degree of β  α” transformation. The main goal of this work is to characterize the magnitude of compressive 

residual stresses in Ti-22Nb-10Zr (wt.%) coatings prepared by magnetron sputtering at bias voltage ranging 

from 0 to -148 V, and to evaluate their influence on hardness, yield and tensile strength. 

2. EXPERIMENTAL PROCEDURES 

Ti-22Nb-10Zr coatings have been deposited on (100) Si wafers using magnetron sputtering from Ti, Nb and 

Zr targets (each of 99.99 % purity). During the deposition process, the DC power was fixed at 371 W for Ti, at 

34 W for Nb and at 20 W for Zr; the bias voltage on the substrate has been modified and then kept constant 

from 0, -63, -98, -125, to -148 V. Each deposition has been completed for about 2700 s, resulting in a total film 

thickness of ≈ 600 nm (for more details see [7]). The phase evolution as a function of the bias voltage was 

determined by grazing incidence X-ray diffraction using Rigaku Smart Lab X-ray diffractometer equipped with 

a rotating Cu anode operating at 9 kW (45 kV, 200 mA) and a high-speed linear detector D/teX ultra 250. The 

XRD data refinement was performed using Rietveld analysis software TOPAS (Bruker AXS, version 4.2). The 

morphology and spatial distribution of the phases α, α” and β was characterized using a transmission electron 

microscope (TEM) JEOL 2200FS equipped with a NanoMegas ASTAR automated crystal orientation mapping 

system. Mechanical properties were measured by means of Micro Materials Nanotest-Vantage nanoindentor 

equipped with a Berkovich type indenter, using loads ranging from 1 to 10 mN, and loading and unloading 

strain rates of 0.05 and 0.2 s-1, respectively. A 15s hold period was selected at the end of the loading phase. 

In all cases, mechanical properties values given for each load correspond to average values taken from at 

least 10 measurements.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure and phase composition of the coatings 

The coatings presented a mix of α-, α”- and β-Ti phases. The relative amount (volume fraction) of these phases 

can be correlated with the bias voltage used for deposition, as shown in Figure 1a. This is directly related to 

the changes introduced in the adatom mobility when the bias voltage is increased [8].  

 

Figure 1 Evolution of the phase composition with negative bias voltage (a) and TEM nanodiffraction phase 

maps of Ti-22Nb-10Zr (wt.%) coatings corresponding to bias voltage of -63 V (b), and -148 V (c) 
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In fact, if the mobility is insufficient, preferential orientations along lower-surface-diffusivity planes, i.e., in those 

planes with high-surface-energy, will grow and therefore the grain morphology of β phase will be columnar 

type (Figure 1b). On the other hand, if this mobility is high enough (at high bias voltage values), surface 

diffusion among grains occurs and they start to grow towards the lowest-surface-energy plane. Thereby, 

texture and grain morphology of β phase will change from columnar to equiaxial (Figure 1c). 

3.2. Mechanical properties 

3.2.1 Real hardness calculation, H0 

The presence of high compressive residual stresses in the coating has a direct impact in the loading-unloading 

indentation curve, and therefore in the measured hardness value H. In fact, the smaller the maximum 

indentation depth hmax, the lower the plastic volume generated in the indentation and the smaller the mobility 

of statically stored dislocations (SSD) during the indentation are [9]. The combination of the low SSD mobility 

and the high geometrically necessary dislocations (GND) density generated in the small volume associated 

with shallow indentation, produces an increase in the real hardness H0 of the coating (in the limit of infinite 

depth). The value H0 can be determined from the Nix and Gao model [10]: 

3 4
45

6
�

� 1 
 ℎ∗ ∙ 3 �
9:;<

6                                         (1) 

where h* is a characteristic depth, which is related to the indenter shape and the SSD density through H0. 

However, deviations from this model have been observed in those cases where the grain size is included in 

the nano-scale and its size is comparable to the plastic volume generated in shallow indentations. Yang et al. 

[11] showed that the indentation size affects (typically at low indentation depths) experiments in an opposite 

manner, i.e., with increasing indentation depth the hardness increases, since the GNDs interact directly with 

grain boundaries which obstruct the movement of dislocations. Therefore, the plastic deformation can be 

confined in a single indented grain. A similar behavior is observed for the hardness values measured in our 

Ti-22Nb-10Zr coating once the substrate influence has been eliminated. Figure 2 shows atypical indentation 

size effect behavior, which is related to different plastic mechanism activated (twinning and slip systems) in 

the α, α” and β phases. In this figure it is possible to see how the H2 versus 1/hmax curves for two bias voltage 

conditions of -63 and -125 Volts have three different trends when 1/hmax decreases. In the first part, H2 values 

decrease until reaching a minimum value, A. Along this first part, hardness values depend mainly on the 

indentation size and the presence of compression residual stresses, which acts as a hardening element, and 

not on the different plastic mechanism activated on the different nano-grain sizes. From this minimum value, 

H2 values increase (as has been shown by Yang et al. [11]) until reaching a maximum value, B. After this 

maximum, a decrease in the hardness values, C, with increasing hmax, is shown in Figure 2b, which might 

indicate a change in the plastic mechanism because of a decrease in the dislocation density. 

       

Figure 2 Atypical indentation size effect behavior, shown for two bias voltage conditions (-63 and -125 V), is 

related to different plastic mechanism activated (twinning and slip systems) in the α, α” and  phases  
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Table 1 Values corresponding to the real hardness values, H0, the stress value �= represents the value of  

             �>when ρ is equal to 3, the representative stress, �?@A, value, which is associated with the  

              representative strain, ?@A, between 0.005 and 0.042, the strain-hardening exponent, n, and finally, 

              the stress values corresponding to a strain of 0.5 % and 4.2 %, �....Band �...C�, respectively 

Bias voltage 

(V) 

H0 

(GPa) 

�3 

(GPa) 

�Rep 

(GPa) 

n 

 

�0.005 

 (MPa) 

�0.042 

 (MPa) 

0 2.1 0.7 0.6 0.30 295 559 

-63 3.2 1.1 1.1 0.67 235 980 

-98 3.6 1.2 1.1 0.55 322 1050 

-125 3.8 1.3 1.2 0.56 338 1108 

-148 4.1 1.4 1.4 0.51 399 1192 

Nevertheless, by applying the Nix and Gao model to the hardness values that decrease with increasing 

maximum indentation depth, it is possible to get the real hardness values, H0, as a function of the bias voltage 

increase. As can be seen in the Table 1, the H0 value increases continuously from 2.1 to 4.1 GPa when the 

bias voltage is increased from 0 to - 148 V. 

3.2.2 Yield stress calculation, �D 

Ashby and Jones [12] and Tabor [13] formulated an empirical relationship, in which the hardness, H0, 

represents the real hardness value (i.e. not the value obtained directly from the nano-indentation tests). The 

H0 value is proportional to the yield strength, �>, at representative strain 0.08 through the equation: 

�. � EF>                   (2) 

where ρ is a constant, which value is approximately equal to 3 for metals. In this way and using the H0 values, 

obtained before, is possible to calculate the yield strength, �=, (�= represents the value of �> when  is equal 

to 3) values as a function of the bias voltage increase (Table 1). As one might expect, this “yield strength” 

increases from 0.7 to 1.4 GPa when the bias voltage is increased from 0 to -148 V. These high values prove 

that the presence of the hexagonal α phase, whose content is always between 21 and 33 wt.% (Figure 1a, 
Figure 3a), has a clear hardening effect, hindering dislocation movement, because of a higher interaction 

number given by α/α” interfaces. 

3.2.3 Compressive residual stress calculation, �G 

From the linear relationship, established by Sakharova et al [14], between (P-P0)/P0 ratio (P corresponds to 

the maximum load reached in presence of residual stresses and P0 without presence of residual stresses) and 

the normalized residual stress �)/�> (�)and �> representing the residual stress and yield strength values, 

respectively), it is possible to get the residual stress magnitudes by: 

IJKJ5L
J5

� MNO>, PQ RS
RT

                          (3) 

whereMN>, PQ varies depending on the nature of stresses and the other mechanical properties of the material 

(here, )= �>/E, and n is strain-hardening exponent from the expression � � UV- for more details see [15]). 

The function MN>, PQ can be evaluated by fitting the linear coefficients of different materials and thus a 
particular function for compressive or tensile residual stresses can be obtained.  
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Figure 3 (a) Values of compressive residual stress, �r, as a function of bias voltage (including α, α” and β 

phase composition), (b) evolution of �r with maximum indentation depth for bias voltage of -63 and -148 V 

Figure 3a shows the evolution of compressive residual stress values as a function of bias voltage increase. 

There is an important increase in the absolute value of the magnitude of compressive residual stresses from -

460 to -710 MPa when the bias voltage is increased from 0 to -63 V. However, for the next bias voltages 

values, the magnitude of the compressive residual stresses shows, a priori, a contradictory evolution. In 

Figure 3b it is possible to see that for bias voltage values higher than - 63 V, the magnitudes of compressive 

residual stresses are progressively decreasing until reaching -120 MPa, corresponding to the sputtering 

deposition performed with a bias voltage of -148 V. This is a clear evidence that part of the energy transferred 

during sputtering deposition is used in the martensitic transformation from β phase to α” phase, since the 

higher the bias voltage, the greater the α” content in the Ti-22Nb-10Zr coating. Consequently, this martensitic 

transformation causes a decrease in the magnitude of compressive residual stresses because the volume of 

the α” phase is lower than that of the β phase [16]. This allows lattice relaxation and therefore a decrease in 

the magnitude of compressive residual stresses. Figure 3b shows the compressive residual stress evolution 

through the thickness coating, obtained from indentation tests with different maximum depths. In both cases 

(at -63 and -148 V bias voltage) the stress magnitudes are almost constant through the thickness of the 

coatings. From these plots it can be concluded that the martensitic transformation takes place homogenously 

during the deposition process through the total thickness of the coating. 

4. CONCLUSIONS 

As the bias voltage is increased, the percentage and main textures of α (hcp), α” (orthorhombic) and β (bcc) 

phases significantly change as a result of direct martensitic transformation (β  α”), which is activated thanks 

to the defects generated during sputtering deposition process through the total thickness of the Ti-22Nb-10Zr 

coating. The calculus of real hardness, H0, shows how this value increase from 2.1 to 4.1 GPa as the bias 

voltage is increased from 0 to -148 V. The simultaneous increase of H0 and α” martensite content reveals the 

contribution of several factors, like grain size reduction, the increased defect amount generated during 

deposition and the increasing number of dislocation blocked in a greater number in α/α” interface than α/β 

(semi-coherent) or α”/β (coherent) interfaces. The combination of all these factors can eliminate the classical 

softening effect shown in β-Ti alloys containing a high-volume fraction of α” phase. The calculus of strain 

hardening-exponent, n, whose values are always higher than 0.5 for bias voltage between -63 and -148 V, 

confirms that Ti-22Nb-10Zr coating experience a non-linear elastic behavior, indicating that reversible 

martensitic transformation takes place once the external load is removed along unloading nanoindentation 

curve. On the other hand, the evolution of “tensile strength” (�...C�) always shows values superior to 500 MPa 

despite the increase of α” phase content with increase of the bias voltage. Therefore, the dislocations are 

pinned at α/α” interfaces and, in combination with compressive residual stresses, promises high fracture 

toughness and fatigue resistance of the Ti-22Nb-10Zr coating regardless of the α” phase content. 
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Finally, the decrease of the values of compressive residual stresses from -710 to -120 MPa, when the bias 

voltage is increased from -63 to -148 V shows an opposite trend than the α” martensite content. Since the 

volume of the α” phase is lower than that of the β phase, lattice relaxation from the transformation results in a 

decrease in the compressive residual stresses magnitude. 
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Abstract  

The components of rail vehicles are strained by a number of sources, whether operational, natural, or effects 

caused by passengers. For protection against these influences, the number of types of surface protection is 

frequently used. The project called “Increasing of resistance of rail vehicles components by the means of 

modern thermal spraying technologies” deals with improving the performance and service life of rail vehicle 

components by thermal spraying. In the project, more than ten components are selected for coating by different 

material sprayed by different methods of thermal spraying. This paper is focused on coating made by Twin 

Wire Arc Spraying. Three materials of coating sprayed by TWAS were tested and their mechanical properties 

were evaluated in this paper. These materials are pure molybdenum, Fe13Cr, and Zn15Al. The Ball on Flat, 

Dry Sand/Rubber wheel Test, and Erosion Wear Resistance Test were done. The molybdenum coating 

showed very good sliding properties. This material can find its application for rolling components such as 

rollers, or rollers carriers. The Fe13Cr and Zn15Al coatings showed a very good erosion resistance. The 

Zn15Al had even a better erosion resistance than Fe13Cr. Both of these materials can be used, where this 

type of wear resistance is required, for example for walkable footplates. The Fe13Cr had also a very good 

abrasive resistance in contrast with Zn15Al, which can’t be recommended for application where abrasion 

resistance is required. The spraying of real components is also shortly presented in this paper. 

Keywords: Thermal spraying, twin wire arc spraying, rail vehicles components, abrasion resistance, erosion 

resistance, sliding properties 

1. INTRODUCTION 

Rail vehicles are one of the most commonly used means of transport applied for transportation of people as 

well as the transportation of cargo. Their utilization is found in urban, intrastate, and also in international 

transport. In addition to conventional operating wear, the components of rail vehicles are also strained by a 

number of external sources those being wear by passengers, or degradation by natural influences like water, 

humidity, temperature changes, ice, snow, UV radiation, deicing and cleaning agents, but also small objects 

(sand, stones…). To reduce the influence of these sources, the number of types of surface protection is 

frequently used. The often-used protections are hot dip galvanizing, tinning, non-electrolytically applied zinc 

micro-lamella coating, or electrolytic zinc coating. In the project “Increasing of resistance of rail vehicles 

components by the means of modern thermal spraying technologies” the new type of surface protection of 

some selected components applied by thermal spraying is searched. The project is being solved by the 

corporation of Škoda Transportation and Research and Testing Institute Pilsen. Škoda Transportation is a 

prominent European producer of rail vehicles and Research and Testing Institute Pilsen has been engaged in 

thermal spraying for more than 30 years, so the connection of these two companies is promising auspicious 

results.  
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In this project, the different types of coatings sprayed by various methods of thermal spraying (TWAS, FS, 

HVOF, and APS) for dissimilar components are being researched. This paper is focused on coatings made by 

Twin Wire Arc Spraying (TWAS). The materials of coatings that are being tested are pure molybdenum, 

Fe13Cr, and Zn15Al. The numbers of mechanical properties for optimized coatings, such erosion and abrasion 

resistance, or sliding properties are evaluated. The coating of real components is also presented in this paper. 

The common principle of thermal spraying is the melting of the feedstock by a heat source and then 

accelerating the melted particles it towards the coated surface where it is embedded by mechanical 

interlocking. Thanks to that, the affection of the substrate by heating is minimal. The adhesion of this bond is 

however not as strong as the bond made by diffusion emerging in other methods of coating. The feedstock is 

either in powdered or wired form. The heat source can be electrical (arc, plasma), or chemical (flame, 

combustion). The structure of thermal sprayed coatings is usually laminar, heterogeneous with a certain 

content of oxides, pores, and other impurities. The characteristics of these coatings are for example good wear 

resistance, good corrosion resistance, better sliding properties, thermal insulation, or an electrically resistive 

and it depends on the feedstock materials, used methods of spraying and spraying parameters. [1] 

In the case of Twin Wire Arc Spraying, the feedstock is in the form of wires, the heat source is electric arc 

regulated by values of current and voltage and the melted particles are accelerated by compressed air flow. 

Compared to the coatings made by methods HVOF and APS, the coatings made by TWAS have usually a 

higher content of pores and oxides and lower adhesion, but they are also significantly cheaper, and easier to 

spray. The mobility of the device and the possibility of spraying by hand are also distinct advantages of this 

method. [1] 

2. MATERIALS 

Three materials for different applications were tested. Molybdenum coating is widely used as a surface 

treatment, offering high wear and scuffing resistance. This coating also has prominent sliding properties and 

therefore synchronizer rings, selector forks, and piston rings can be found among the typical applications. The 

Fe13Cr could be used for all purposes of general engineering applications, like restoring or build-up. This 

coating has low shrinkage, excellent wear properties, and fair corrosion resistance. Zn15Al has preeminent 

corrosion resistance in atmosphere and immersion in either fresh or salt water. This coating often has better 

corrosion resistance than either pure zinc or aluminum, by combining the advantages of both materials. Typical 

applications of this coating are large steel or iron structures such as roadway barriers, bridges, offshore 

structures, posts and poles, and marine structures [2,3]. 

3. EXPERIMENT 

The sliding properties were tested on molybdenum coating according to norm ASTM G-133 Ball on Flat linear 

oscillating test. The parameters of the test were: Dry contact without lubrication, counterpart: the Cr-steel ball 

6 mm, normal force: 25 N, length of track: 10 mm, cycling frequency: 5 Hz, and time of test: 1000 s. Three 

samples under these conditions were tested. Progress of the coefficient of friction in relation to the testing time 

and the wear behavior were evaluated. The wear behavior was represented by the wear coefficient K 

[mm3/Nm] which was determined from the wear track profile measurement. The resistance of abrasion and 

erosion wear was tested for materials Fe13Cr and Zn15Al. For the testing of abrasion resistance, the Dry 

Sand/Rubber Wheel Test according to norm ASTM G-65 was used. In this test, dry sand is steadily brought 

between the sample of coating and rotating rubber wheel, which is pressed to the sample by constant force 

(22N). Three samples were tested for each material. The abrasive medium was white corundum with grain 

size F70. The overall wheel track is 718 m and it is divided into five congruous cycles. The cumulative volume 

loss from the coating per wheel track is evaluated. In the erosion resistance test, the erosive medium is 

centrifugally accelerated towards the samples, on which it acts with its kinetic energy. The erosion medium 

impacts the samples at different angles (90°, 60°, 45°, 30° and 15°). For each angle, two samples of each 
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material were tested. Three cycles were done for each sample. The duration of the cycle was 2 minutes. The 

average volume loss per one cycle was evaluated [4-8]. 

4. COATINGS OF REAL COMPONENTS 

In the project, the feasibility of the thermal sprayed coatings on real components is also tested. For this test, 

more than ten components sprayed by different materials and different technologies were chosen. In this 

paper, the spraying of walkable footplate is described for illustration. The walkable footplate is mounted on the 

front of the locomotive. It is affected by external influences such as salt, water, rain, and aerodynamics forces. 

Because this component is walkable, the surface can be worn also by stones and sand from people's shoe 

soles. The material of the coating has to be resistant to corrosion in the atmospheric and slightly aggressive 

environment (salt) and also has to have adequate wear resistance. Based on these requirements materials 

Fe13Cr and Zn15Al sprayed by TWAS were chosen. The difficulty of spraying of this component is in the 

shape complexity, the small thickness of the component, and the requirement to spray all surfaces. The 

sprayed footplates are shown in Figure 1. Because of the shape complexity and a small number of sprayed 

components, spraying by hand was used. One of the main evaluated factors was the affection of the geometry 

of the component by thermal spraying. Therefore, different footplate thicknesses were tested. During the 

spraying of footplates with a higher thickness (5 mm), the geometry was not affected, but if the footplate with 

a smaller thickness (2.5 mm) was sprayed, the geometry was affected in the case when Fe13Cr was used. 

The temperature during spraying Fe13Cr was about 120°C and if the Zn15Al was sprayed, the temperature 

was about 40°C. However, the geometry of the footplate with a small thickness was distinctly affected by 

blasting before the spraying. The blasting is however necessary surface preparation for thermal spraying. 

  

Figure 1 Walkable footplates sprayed by a) Fe13Cr; b) Zn15Al 

5. RESULTS 

Microstructures of all three evaluated materials are shown in Figure 2. All three samples have porosity typical 

for spraying by TWAS. On the other hand, all three coatings are without crack and other defects reducing the 

quality of the coatings. Because the chemical compositions of these coatings are very different, the 

microstructure of each coating also looks dissimilar. The molybdenum coating has a variable microstructure 

across the cross sections. In the lower part of the coatings, there is lower porosity and inter-splat decohesion, 

compare to the upper part. More about this phenomenon is written in the report [9]. The microstructure of 

a b 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

670 

Zn15Al is homogenous without visible boundaries of splats and without oxides. In the Fe13Cr coating, there is 

a higher amount of oxides on the boundaries of splats caused by the reaction of Cr with air during spraying.  

   

Figure 2 Microstructure of a) molybdenum coating; b) Zn15Al coating; c) Fe13Cr coating  

The result of the Ball on Flat test on molybdenum coating is shown in Figure 3. All three samples showed the 

same progress of coefficient of friction in time. The dependence showed two stages of dry friction contact.  In 

the first initial stage, the coefficient of friction was about 0.78 ± 0.025 and after some time, the value of COF 

fell down to 0.69 ± 0.015 and was constant until the end of the test. The time of the initial stage was a little bit 

different for each sample and ranged between 360 and 580 s. The wear coefficient for this coating is 

K = 2.06*10-4 ± 2.8*10-5 mm3/Nm. These good sliding properties confirm the suitability of molybdenum coating 

for rolling components such as rollers, or rollers carriers. 

 

Figure 3 Results of Ball on Flat test 

The results of the Dry Sand/Rubber Wheel Test for Fe13Cr and Zn15Al coatings are shown in Figure 4. The 

abrasive resistance of Fe13Cr coating was suitable for most applications. The cumulative volume loss per 

wheel track of 718 m was 52.8 ± 0.9 mm3. The test of abrasion resistance for Zn15Al had to be stopped after 

three cycles because the coating was worn out. The cumulative volume loss after the three cycles (430.8 m of 

wheel track) was 152.7 ± 1.9 mm3. These results showed the possibility of using the Fe13Cr coating for 

components, where the abrasion resistance is required. The use of Zn15Al coatings for abrasion worn 

components is not recommended. 

c b a 
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Figure 4 Results of Dry Sand/Rubber Wheel Test 

The results of the Erosion Resistance test for Fe13Cr and Zn15Al coatings are shown in Figure 5. The Zn15Al 

coating had surprised a better erosion resistance than Fe13Cr coating. The dependence of volume loss per 

angle of impaction is different for each material. For Zn15Al, the volume loss was increasing with a decreasing 

angle of impaction. This dependence is typical for tough materials because the wear mechanism of tough 

materials is characterized by plastic deformation, in which the extruded material is removed or the material is 

cut out by particles of the erosive medium. The dependence of volume loss per angle of impaction for Fe13Cr 

coating is slightly decreasing with decreasing angle because in the case of brittle materials, the material is 

removed due to the formation and intersection of cracks that extend from the point of impact of the particle. 

The values of volume loss are very low for both materials. The highest volume loss per 2 minutes of intensive 

actuation of the erosive medium is just 3 ± 1.4 mm3, therefore both of these materials can be recommended 

for applications where the erosion resistance is required, such as walkable footplate for example. 

 

Figure 5 Results of Erosion Wear Resistance Test 
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6. CONCLUSION  

In this paper, the portion of results focused on TWAS technology from the project “Increasing of resistance of 

rail vehicles components by the means of modern thermal spraying technologies” is presented. Three materials 

of coating are evaluated. These materials are pure molybdenum, Fe13Cr, and Zn15Al. The ball on flat test 

was done on molybdenum coating. The results of this test showed very good sliding properties and wear 

resistance. The mechanical properties of Fe13Cr and Zn15Al coatings were evaluated on the Dry Sand/Rubber 

Wheel Test and on Erosion Wear Resistance Test. The results showed a good erosion wear resistance for 

both of these materials and also a good abrasion resistance for Fe13Cr coating in contrast with Zn15Al, which 

had very poor resistance to abrasive wear. The spraying of walkable footplate by materials Fe13Cr and Zn15Al 

are also shortly presented in this paper. 
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Abstract 

The thermal spray technologies are versatile methods of deposition of thick coatings on the components 

surfaces. Based on spraying technology principle, various materials and coating thicknesses can be deposited. 

Some spraying technologies, as mobile systems, have the capability to be used directly on-site. Typically, the 

Twin Wire Arc Spraying systems (TWAS) are utilized to spray the large-scale constructions to protect them 

from corrosion. Also, one of the latest spraying technologies, Cold Spray, is nowadays being developed to 

serve as mobile system.  Both technologies offer the possibility to spray coatings up to several millimeters 

thick, which makes them suitable for renovation of worn or corroded material in higher volumes. In the 

manuscript, the used methods and results achieved so far in the frame of National Center for Energy, are 

presented and compared with respect to the relationships between coatings microstructure, mechanical and 

functional properties. Both technologies proved its potential to deposit protective coatings, applied on 

conventional and nuclear power plants components.  

Keywords: Thermal spray, power industry, renovation, TWAS, Cold Spray 

1. INTRODUCTION 

The thermally sprayed coatings represent a group of technologies, enabling to deposit the material on the pre-

treated substrate surface. Usually, the aim of deposition is to create a continuous coating with specific 

properties, typically wear or corrosion resistance, to increase the lifetime of coated parts. In some specific 

cases, these technologies can be used also for renovation of worn or corroded components, when the missing 

material is refilled by spraying technologies. The needs of power industry include both - the coating of 

component during primary production, as well as the renovation of already used components, built into the 

power plants. Transportation of such built-in equipment to spraying workshops is often not possible. In these 

cases, portable deposition technologies find their use. Moreover, the amount of worn material can locally 

exceed the limits of thickness, that can be deposited by the majority of spraying technologies. To find a solution 

for such situations, an extensive research program was designed in the frame of National Centre for Energy 

(project of Technology Agency of the Czech Republic). Two thermal spray technologies, allowing spraying of 

coatings with high thickness and simultaneously being potentially portable, were chosen to spray testing 

speciments and later to prove its potential for spraying of real component.  

The Twin Wire Arc Spraying technology (TWAS) is a versatile and cheap technology for deposition of namely 

metal coatings [1]. Thanks to its high deposition rates it is used for spraying of large areas. It is often used to 

protect e.g. bridge structures from corrosion. The principle of the technology is as follows: the material in the 

form of wires is fed into the spraying gun. Between the tips of the wires the electric arc is burn, melting the wire 

material. Simultaneously the compressed air is fed to the gun. The air stream carries molten drops of material 
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toward the coated surface, where it solidified.  During spraying, the molten droplets creates oxidized envelopes 

on its surface in the air atmosphere. After impacting the substrate, the oxides became part of the coating’s 

microstructure. The high amount of oxides inclusions, as well as presence of cracks and decohesion between 

the particles, are significant for TWAS sprayed coatings. If the spraying parameters are chosen properly, this 

technology enables to create coatings with thicknesses up to several millimeters. One of the latest members 

of thermal spray family, Cold Spray (CS) is based on supersonic velocities of impacting particles [1]. The metal 

material in form of fine particles, is heated up to the temperatures far below to its melting point to increase its 

plasticity and then accelerated to the substrate in velocities reaching multiples of sound speed. The high kinetic 

energy is during the impact transformed into deformation and temperature, enabling to create local micro-weld 

on the particle boundary. The final coating is very dense and homogenous, with high cohesive and adhesive 

strength. Low deposition temperature, together with presence of inert gases (Ar and N or He) in the particle 

stream, makes the coating free of oxides. Thanks to the compressive stress in the coating, there are no limits 

for the thickness of deposited layers. With respect to the intended application requirements, the Fe- and Ni-

based materials were chosen to be deposited onto the testing specimens. Its composition varied to ensure 

sufficient cavitation and erosion resistance and high corrosion resistance even in the aggressive environment 

of solid fuel boilers or in the environment of geothermal powerplant [2,3]. The experimental program was 

designed to compare the corrosion and mechanical resistance of selected Fe and NiCr-based coatings, 

deposited by TWAS and CS technologies, recommend as the most effective and economical solutions for 

intended application; and to verify the applicability in under the real conditions even for built-in components. 

The aim of the paper is to present some of the results, achieved during the first year of project solution and 

show the potential of protective coatings application in harsh environment. 

2. EXPERIMENTAL 

2.1. Specimens preparation 

The first sets of coatings specimens were sprayed by TWAS SmartArc Oerlicon Metco spraying system. The 

substrate material and dimensions were set in agreement to requirements of each test provided: the specimens 

for high temperature corrosion test in aggressive salts were deposited on the corrosion-resistant P91 steel, 

while the rest of the specimens was sprayed on carbon steel. The substrate surface was cleaned and grit 

blasted prior to the spraying (Al2O3; F22). The coating materials are summarized in the Table 1. The previously 

optimized spraying parameters were used to spray coatings reaching thicknesses between 500 and 750 µm.  

Table 1 Coatings deposited by TWAS spraying  

Coating no.  
Composition  

(wt%) 
Average thickness  

(mm) 

TWAS 1 Fe28Cr4B2Si2Mn0.1C 0.74 ± 0.03 

TWAS 2 Fe18Cr18Ni4.6C2Al2V0.97Mn 0.71 ± 0.04 

TWAS 3 Ni25Cr10C3Mo3Si2Fe0.8Al 0.51 ± 0.1 

TWAS 4 Ni20Cr 0.63 ± 0.03 

TWAS 5  Ni21Cr9Mo4(Ta+Nb) 0.58 ± 0.03 

TWAS 6 Ni45Cr1Ti 0.56 ± 0.13 

The second sets of specimens were sprayed by Cold Spray technology, using Impact Spray system of Impact 

Innovation company. The Ni20Cr powder (Ospray powder, Sandvik) in two different grain size (10-32) µm and 

(5-25) µm was deposited onto the carbon steel substrate (100 x 100 x 5) mm. The uniform, previously optimized 

spraying parameters were set, except of variation of spraying angle (90° and 45°) and deposition distance (15, 
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30 and 45 mm). The intended cold sprayed coating thickness was 1 mm. The coated specimen was later cut 

on pieces based on the needs of each test.  

2.2. Testing procedures 

The coatings microstructure was evaluated in the coatings` cross sections, grinded and polished by standard 

metallographic procedure. The optical microscopy was used to measure the coating thickness and to evaluate 

their microstructure. The Vickers microhardness HV0.3 was measured in the coatings` cross sections. At least 

7 indents were made and the average value is reported. The adhesive/cohesive strength of the coatings was 

evaluated by tensile test method, in accordance to ASTM C633 - 01. For each coating, four measurements 

were realized, the average value is reported. The abrasive wear resistance was measured using the Dra 

sand/Rubber Wheel test in accordance to ASTM G-65. For each coating, three tests were realized, the average 

value is reported. After the wear tests, the wear mechanism was analysed by SEM. The solid particle erosion 

was tested using centrifugal erosion test. The impact angle of erosive media (Al2O3; F70) varied between 12°-

90°. After the test, the wear mechanism was analysed by SEM. The high temperature corrosion test was 

realized in the aggressive environment of Na2SO4Fe2(SO4)3. The test condition is described in more detail in 

[5]. After the test, the corrosion mechanism was analysed by SEM. 

3. RESULTS AND DISSCUSION 

The microstructure of sprayed coatings contains the features typical for used deposition technique.  

As a representative of TWAS technology, the microstructure of TWAS sprayed Fe-based coating (Figure 1a) 

and NiCr coating (Figure 1b) can be seen in the Figure 1. The difference in size of individual particles, size, 

distribution and number of pores and presence of cracks between the evaluated coatings from different 

materials are obvious. The dominant effect can be attributed to the type of sprayed material, although the 

spraying parameters, namely the pressure of carrier gas (air) plays also its role. The higher the pressure of air 

is, the finer the splats are.  

The microstructure of CS NiCr coatings, deposited perpendicularly to substrate surface (Figure 2a) and at the 

angle of 45° (Figure 2b) can be seen in the Figure 2. The perpendicularly sprayed coating is almost pore-free 

and without visible boundaries between individual particles. In the coating, sprayed at the angle of 45°, some 

pores can be recognized, but their amount is far less compared to the TWAS NiCr coating (Figure 1b). 

The measured HV0.3 microhardness values of TWAS sprayed coatings and their cohesive strength are shown 

in the Figure 3. Adhesion of all tested coatings to the substrate was higher than the coatings cohesive strength. 

The TWAS 1 coating has the highest microhardness, while its cohesive strength is the lowest. It suggests the 

possible high amount of oxides inclusion in the coatings` microstructure, decreasing the cohesion between 

individual particles. The high microhardness results also from the high content of carbon in the coating 

composition, strengthening the coating by precipitation of hard particles. On the other hand, the lowest 

microhardness was measured for Ni20Cr coating, consisting from Ni solid solution. 

The microhardness of cold sprayed Ni20Cr coatings varied between 393 and 420 HV 0.3. The lowest value 

with the highest scatter was recorded for the coating deposited at 45° angle. The higher scatter and lowered 

microhardness value are related to the coating’s higher porosity. The highest microhardness was reached by 

the coating, deposited from finer particles. In comparison to TWAS sprayed NiCr coating (cca 230 HV0.3), the 

influence of used deposition technology can be seen. Both the effect of high porosity of TWAS sprayed 

coatings and the effect of deformation strengthening during the deposition by high kinetic cold spray deposition 

process plays its role. 
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Figure 1 Cross section microstructure of TWAS 2 (a) and TWAS 4 (b) coating 

 

Figure 2 Cross section microstructure of cold sprayed coating deposited perpendicularly to the surface 

(a) and at 45° angle (b)  

 

Figure 3 TWAS coatings HV0. 3 microhardness (a) and cohesive strength (b) 

The abrasive wear resistance of TWAS sprayed coatings follows the trend of microhardness, even though the 

cohesive strength also takes part. The most resistant was the TWAS 3 coating, with highest cohesive strength 

and second highest microhardness, followed by the hard TWAS 1. On the contrary, the least abrasive wear 

resistance was found by the softest NiCr coating. There were no significant differences between in abrasive 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

677 

wear resistance of cold sprayed coatings. However, it is worth to mentioned, that their resistance in this type 

of load was lower compared to TWAS sprayed NiCr coating. 

The solid particle erosion resistance is affected mostly by the toughness of coating material and its cohesive 

strength. Coatings from brittle materials or coating with low intersplat cohesion exhibit higher erosion rates at 

perpendicular impact of erosive particles. The wear mechanism is more brittle, the cracks and delamination of 

coatings material appears. On the contrary, softer but more ductile coatings materials exhibit higher volume 

losses in case of angled impact of erosive particles. The wear mechanism is in this case similar to the abrasive 

wear [5].  

The results of solid particle testing in the range of this study confirms above mentioned expectations. The less 

erosion resistant material was hard and brittle TWAS 1, while the most resistant was tough TWAS 6. The 

TWAS 4 (NiCr) was the second most resistant. Both TWAS 4 and TWAS 6, showed ductile behavior - the 

lowest volume loss at perpendicular impact of erodent, the highest at low angled impact of erodent. The volume 

loss of cold sprayed (CS) specimens was generally one magnitude lower compared to TWAS coatings. There 

was some observed difference between the CS sprayed coatings observed. The best behavior was recorded 

for coating, deposited from finer particles, while the lowest resistance was recorded for coatings deposited at 

45°angle. The eroded surfaces of brittle TWAS 1 and ductile CS after the impact at low and high angles, are 

displayed in the Figure 4. 

 

Figure 4 SEM of eroded surfaces of TWAS 1 - 90° impact angle (a); TWAS 1 - 15° impact angle (b);                 

CS  - 90°  impact angle (c); CS -  15° impact angle (d) 

The preliminary results of high temperature corrosion tests in the aggressive environment simulating the 

atmosphere of solid fuel boilers confirms the protective properties of NiCr-based coatings. Negligible corrosion 

was recorded for CS NiCr coatings, little bit more pronounced corrosion was identified in case of TWAS NiCr 

coatings. The experimental evaluation of Fe-based coatings is not finished yet. With respect to higher Cr 
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content in TWAS 1 composition, the higher corrosion resistance can be expected. Nevertheless, under the 

real working condition, the combined erosion-corrosion can led to different conclusions. 

To evaluate the protective ability of the coatings under the real conditions, certain areas of boiler K21 in coal-

fired power plant Tušimice II were coated by selected TWAS deposited coatings. The coating surfaces were 

further covered by protective paint (Figure 5). The results of long-term exposition (cca 1 year) will be known 

in 2021.  

 

Figure 5 Scaffolding in the hopper area of boiler K21 ETU II (a); detail of coted area (b)  

4. CONCLUSION 

The preliminary results of the solved project showed a potential of Twin Wire Arc Spraying (TWAS) technology 

and Cold Spray (CS) technology to deposit thick coatings with properties, enabling protection of components 

in harsh environment. The relationship between the microstructure, mechanical properties and functional 

properties of coatings was shown. Following experimental program will focus on the cold sprayed coatings 

evaluation with respect to their potential for protection of heterogenous welds of pipes against corrosion.  
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Abstract 

Currently, it is known that infrasonic axial fluctuations affect various properties of metals. We conducted 

experimental studies to study the resistance of metals to corrosion in the field of infrasonic axial impacts. The 

subject of the study was the change in the properties of the surface of metals. It is established that when 

exposed to low frequency axial fluctuations in the range of 2-60 Hz occur changes in the processes of surface 

treatment of metals. Experimentally, optimal frequencies were found at which the effect of low frequency 

fluctuations becomes max. At the same time, each system under study has its own optimal experimentally 

detected frequency. Absorption spectroscopy is used to obtain results for the next systems: HCl - H2O2 - Cu; 

FeCl3 - Cu; KI - I2 - Cu; HCl - H2O2 - Al; KI - I2 - Fe. 

The use of the experimentally developed method of low frequency axial action allows increasing the speed of 

metal surface treatment up to 5 times. The study of the interaction of metals with electrolyte solutions in the 

field of low frequency fluctuations allows us to create new measures of protection against corrosion, as well 

as to develop new technological processes and solutions for surface treatment of metals and alloys for further 

implementation in the production process.  

Keywords: Low frequency acoustic effects, processing of metals, kinetics, sonochemical processes, optimal 
frequencies 

1. EXPERIMENTAL PART 

The main direction of research is to use low frequency vibrations to affect the surface of metals. The most 

promising processes are surface treatment of such structural materials as alloys and semiconductors. The 

prospect of using the results obtained is application in the processes of metal surface treatment: polishing, 

milling and etching. 

To conduct experiments, an Electromechanical installation was created, which is an oscillating system 

(oscillatory circuit) [1-7], consisting of an oscillating mass, elastic and dissipative elements. The characteristics 

of the experimental installation are shown in Table 1. 

Table 1 Characteristics of the experimental installation 

Parameters 
Specific power 

(W/cm2) 
Amplification 

The frequency 
range (Hz) 

Resonance frequency 
(Hz) 

Values 3 - 7 7-10 1 - 100 42.8 

We used etching solutions taken from everyday practice. To detect changes in the studied systems, the 

method of absorption spectroscopy of aqueous solutions was used. The optical density of aqueous solutions 

of the studied compounds was measured before and after exposure to low-frequency vibrations of the 
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infrasound and the beginning of the sound ranges (0-100 Hz). We used a PE-5400V spectrophotometer with 

a measurement range from 335 to 1100 nm. The qualification of the substances taken for the experiment is as 

follows: hydrochloric acid - p =1.19 g/cm3; hydrogen peroxide-up to 30%; iron chloride solution - C = 400-600 

g/l, pmin = 1.3 g/cm3; Ki - I2 solution prepared according to the standard method. In the case of copper, printed 

circuit boards with various carriers were used as objects: getinax GF-135 and foiled glass-fiber composite SF-

1-35. The sample for conducting experiments in the case of iron was the metal of the "Armco" brand. Aluminum 

was used as a foil used in the manufacture of capacitors. 

2. MEASUREMENT RESULT 

We have found that vibrations of the infrasound and the beginning of the sound (up to 100 Hz) significantly 

affect the kinetics of metal surface treatment processes. When conducting systematic research, it was found 

that low frequency vibrations could cause acceleration of metal surface treatment processes from 2 to 5 times.  

One of the results of the presented work is the proof of the existence of a dependence of the metal etching 

speed on the frequency of the affected vibrations. It was found that for all the studied systems, there is an 

optimal frequency of exposure, at which the etching rate becomes maximum. It was found that the influence 

of low frequency vibrations begins at a specific power of at least 3 W/cm2. At lower power, low frequency axial 

vibrations only affect the electrolyte. This was taken into account when determining the effect of the 

topochemical process. And this is shown in (Figure 1).  

 

Figure 1 The etching rate of copper printed circuit boards with KI-I2 solution in the infrasonic range with a 

frequency of 15 Hz and various specific radiation powers: 1 - control solution of the etchant in the absence of 

metal; 2 - control solution containing copper, but not exposed to vibration; 3-8 - solutions under the influence 

of vibrations with different specific powers (3 - 3.5 W/cm2; 4 - 4.4 W/cm2; 5 - 5.25 W/cm2; 6 - 6.125 W/cm2;  

7 - 7 W/cm2; 8 - 7.9 W/cm2) 

For (Figure 2) experimental data are presented for copper and iron when etched with a KI-I2 solution at the 

same specific power. Thus, the change in the optical density of solutions without external influence is 4 times 

less than when using low-frequency axial vibrations. 

Low frequency vibrations of the same power lead to different results depending on the metal. This may be 

because of low-frequency vibrations act not only on metals, but also on the products of etching on the surface 
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of metals. This is due to the selection of the frequency and power of exposure shown in (Table 2) when using 

various etching solutions for surface treatment of each metal under study. 

 
Figure 2 The rate of etching of copper (2, 4) and iron (3, 5) with a KI-I2 solution in the infrasonic range with a 

frequency of 15 Hz and a specific power of 7 W/cm2: 1 - a control solution exposed to vibrations, but without 

metal; 4, 5 - solutions with metal, but without the action of vibrations. 

Table 2 Recommendations for the use of low-frequency vibrations to optimize the surface treatment of      
metals 

System 
Concentration of 
components (g/l) 

Optimal frequency 
(Hz) 

Specific power 
(W/cm2) 

Area of use 

Etching of copper 

H2O2 150 40 ± 1 5 Etching of copper 

HCl: H2O2 1:1 40 - 45 3 - 5 
Etching of printed circuit 

boards 

HCl: H2O2 1:2 50 - 60 
3 - 5 Etching of printed circuit 

boards 

FeCl3 400 - 600 50 3 - 5 
Etching of printed circuit 

boardsм 

KI 150 - 250 
30 

5 - 7 Photochemical milling and 
polishing 

I2 300 - 600 3 - 7 

The etching of iron 

KI 120 - 180 
40 

5 - 7 Etching, corrosion 
resistance testing of 

coatings I2 350 - 500 3 - 7 

HCl: H2O2 2:1 55 3 - 5 
Etching, milling and 

polishing 

Etching of aluminium 

HCl: H2O2 2:1 35 ± 1 5 
Increasing the specific 
capacity of capacitor 

elements 
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3. DISCUSSION OF RESULTS 

The use of low-frequency axial vibrations creates favorable opportunities for studying a number of physical 

and chemical interactions, such as diffusion, sorption, hydration, formation and destruction of surface 

compounds in topochemical reactions [8-12]. This was not known before, since the energy equivalent of 

vibrations of the infrasound and the beginning of the sound ranges is quite small [13-16]. The influence is 

manifested in changes in the conditions of physical and chemical interactions and allows us to study the 

features of the mechanism of ongoing reactions. The obtained research results are important both for 

understanding etching processes and for the problem of metal corrosion resistance. Analyzing the result 

obtained, we can conclude that the frequency of the applied vibrations is a characteristic parameter of 

corrosion failure.  

This conclusion can be applied in the following areas: 

1) development of structures and their operation taking into account the results obtained. It makes sense 

to exclude or minimize the possibility of dangerous frequencies that contribute to the occurrence of 

corrosion damage;  

2) сreating technologies and installations where low-frequency vibrations can play an important role in 

metal surface treatment; 

3) the use of etchants that show little activity with conventional technology, but become very active if 

etching is performed using low-frequency axial influences. 

The discovered effect of increasing the speed of chemical interactions in the field of low frequency axial 

vibrations has not only practical, but also important theoretical significance.  

4. CONCLUSION 

The applied value of this work is to develop recommendations for the intensification of technological processes, 

primarily the use of vibration and infrasound for etching, milling and polishing the surface of metals, alloys, 

semiconductors and other materials during homogenization, as well as for shifting the chemical kinetic 

equilibrium in one or another direction of the reversible process. 

Theoretical analysis of the results obtained allowed us to determine the main features of the action of low-

frequency vibrations on processes in liquid media. Prior to the present research, the principal differences 

between the effect of low-frequency vibrations on topochemical reactions on the surface of metals and alloys 

and the action of higher-energy waves were not clear. As a result of the research, a method for studying 

heterogeneous processes in the field of low-frequency impacts was created.  
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Abstract 

The possible effects on the protective performance of ZRP modified by combination of Zn dust with aluminium 

or carbon type fillers were investigated using electrochemical noise analysis (ENA). The role of different 

oxygen diffusion characteristics (identified on tested coating systems with ENA) on delamination tendency was 

tested during 168 hrs immersion tests in 0.05 M NaCl. It was shown the protective performance of tested type 

of coating systems can be changing with immersion time rather differently in relation to different ability of 

polymer matrix with the Zn/Al or Zn/C particles combination for oxygen transport to the coating/steel interface.  

Keywords: Painting system, Zn pigment, aluminium filler, carbon filler, electrochemical noise analysis 

1. INTRODUCTION 

Most authors agree that for Zn pigmented epoxy coatings when speaking about the coating system the 

electrochemical mechanism can be considered as rather the last instance in terms of protection if Zn content 

in dry coating is lower than 80% wt. [1]. That is why very often different types of fillers are tested for partial 

replacement of Zn in this type of coatings with the aim to improve their performance changing from sacrificial 

protection into dominating barrier protection. As recent findings show [2] the use of electrochemical noise 

analysis (ENA) has proved to be as very useful method for this purpose. By means of this method possible 

improvement in formulation design practices for Zn and Al pigmented epoxy coatings was investigated in 

relation to delamination tendency. It has been shown that delaminated area fraction for these steel/coating 

systems can probably be a measure of voids volume fraction. By this way if the ratio of pigment volume 

concentration (PVC) to the critical pigment volume concentration (CPVC) was sufficiently reduced (to overall 

pigment concentration OPVC = to 45) high resistance to the delamination was found for tested steel/coating 

system. In fact, as discussed earlier [3,4], locally poor dispersion can cause local volumes in a coating film to 

have a local PVC that exceeds the CPVC. In this case the effect of the reduced PVC - PVC/CPVC on 

delamination tendency should be more carefully checked for individual fillers used for partial replacement of 

Zn in Zn pigmented epoxy coatings even when PVC/CPVC is sufficiently reduced. To check this suggestion 

two different epoxy coatings were prepared with partial replacement of Zn by aluminium paste or carbon 

nanotubes suspension and decreased delamination tendency expected due to OPVC = 40. Delamination 

tendency was investigated for both steel/coating systems by means of ENA during 168 hrs immersion tests in 

0.05 M NaCl.  

The main aim of this study was to find how much differences in local voids fraction (supposed to be identified 

on tested coating systems with ENA) can affect even low delamination tendency expected for this type of 

coating with low permeability to O2 and water. Apart from EN measurements more advanced microscopic 

method was used for metallographic analysis of tested coatings after immersion tests. EDX mapping and 

structure (SEM-SE image) of cross sections were chosen for this purpose. 
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2. EXPERIMNETAL 

2.1. Materials 

Two types of modified Zn pigmented epoxy coatings with partial replacement of Zn by other type of fillers were 

prepared with the same value of OPVC = 40 vol. % but with different polymer matrix components (Table 1). 

Table 1 Characteristic of ZRP modified by different types of fillers  

Sample 
OPVC 
(vol%) 

Vol% ratio Zn:filler Filler Binder Hardenner 

AKAl 117 40 82:18 AlumStapa 2NL Epicote 1010 Epicure 3115 

NTC 77 40 93.8:6.2 Epocyl NCR 128-02 CH epoxy 222 Telalit 160 

While for AKAl 117 were Al particles supplied in paste and mixed with Zn dust and epoxy resin components, 

for NTC 77 were carbon nanotubes supplied in special epoxy resin suspension (Nanocyl S.A., Belgium) and 

mixed with Zn dust and epoxy resin components. In order to avoid the particles settlement and for better 

dispersion rheological additives were used (bentonite containing the mixture of aluminosilicate was used for 

NTC 77 while amorphous silica was used for AKAl 117).  

Both tested coating were applied by spreader bar to steel C4Q panels previously polished and degreased.  

The average thickness of dry film was 55 µm for tested coatings.  

2.2. Method 

Immersion tests using ENA for tested coatings on steel substrate specimens were performed with use of the 

same experimental set-up as described earlier [5]. The potential and current noise (ENP and ENC) values (for 

given data set measured for given immersion time) were collected for measurement periods of 600 s with 

sampling rate of 20 Hz (12 000 points for period) using GAMRY ESA 410 software. Similarity of MEM Noise 

Impedance Spectrum characteristics with simulated electrochemical impedance spectrum for which 

impedance analog for coated steel is accepted [6] was used to provide information about disbonded region of 

the coating/steel interface in relation to double-layer capacitance Cd values as well as delaminated corroding 

area Ad values changing with immersion time t. For this purpose Ad (t) can be estimated from Cd values 

measured at given time t (μF) by means of empirical equation Ad = Cd (t)/20 if 20 is the typical value of the 

bare steel double-layer capacitance adopted to estimate the underlying metallic active surface (μF.cm-2) [7]. 

Apart from measurements in frequency domain also data treatment in time domain was performed for tested 

coating systems in the end of the experiments to estimate a modified noise resistance �V
∗  value [8]. It is believed 

the �V
∗  value will be strongly affected by the imperfections and holes in tested coatings and due to it can be 

able to identify differences in local voids fraction for tested coatings in the end of immersion tests. 

�V
∗  values obtained for tested steel/coating systems in the end of the performed tests can so be compared with 

Ad,av values for demonstration of suggestion that different local voids volume fraction present in tested coatings 

can be probably responsible for different barrier properties of film contacting the steel/coating interface during 

performed tests.  

3. RESULTS AND DISSCUSIONS 

Eight EN measurements were performed on type specimen AKAl 117 as well as on type specimen NTC 77 

during uninterrupted immersion tests performed on steel panels coated by testing coating systems. Table 2 

lists the parameters including instantaneous Cd and Ad values estimated for given immersion time.  
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Table 2 Instantaneous Cd and Ad values for AKAl117 and NTC 77 after different immersion time 

Immersion time t 
(hrs) 

AKAl 117 NTC 77 

Cd (F) Ad (cm2) Cd (F) Ad (cm2) 

29 6.53 . 10-10 3.27 . 10-5 9.76 . 10-10 2.21 . 10-4 

48 5.06 . 10-10 2.53 . 10-5 2.76 . 10-9 1.38 . 10-4 

53 5.23 . 10-10 2.62 . 10-5 3.04 . 10-9 1.52 . 10-4 

72 6.93 . 10-10 3.63 . 10-5 2.12 . 10-9 1.06 . 10-4 

77 1.46 . 10-9 7.30 . 10-5 6.29 . 10-9 3.15 . 10-4 

96 8.62 . 10-10 4.31 . 10-5 6.61 . 10-9 3.31 . 10-4 

101 1.03 . 10-9 5.13 . 10-5 4.21 . 10-9 2.10 . 10-4 

168 9.38 . 10-10 4.70 . 10-5 9.73 . 10-9 2.36 . 10-4 

Due to rather dynamic changes of cathodic nature of steel surface with the immersion time the average 

delaminated corroding area (Ad,av) time development in 168 hrs exposure of tested coatings to 0.05 M NaCl 

was chosen for evaluation of delamination kinetics of underlying steel. Ad,av development with immersion time 

in immersion tests using ENA and performed on tested steel/coating systems can be seen in Figure 1. 

 
Figure 1 Time development of Ad,av values in 168 hrs exposure to 0.05 M NaCl 

From Figure 1 can be seen significant differences in plots of the time development of Ad,av for AKAl 117 and 

NTC 77 steel/coating systems. If one wants to explain these differences it should be noticed that different 

microstructure of coating layers after 168 hrs exposure in 0.05 M NaCl can be expected for NTC 77 in 

comparison with AKAl 117. Due to higher �V
∗  value (see Table 3) higher presence of more permeable areas 

that form a small fraction of the coating can be considered for this coating. These domains should be expected 

to be a more permeable than the bulk of polymer film to ionic species as Na+, Cl- and increase in number and 

permittivity as the coating absorbs water during immersion test [9]. Concerning of Cl- it should be noticed the 

changes in the film morphology (Figures 2 and 3) can be bigger in the longitudinal direction than in normal 

one. 
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Table 3 Comparison of Ad,av values with XY
∗  values calculated from standard deviations of the potential and         

current noise signals (�v and �I), resp. from their means ⟨[⟩ and ⟨]⟩ estimated for tested steel/coating  

systems after 168 hrs exposure in 0.05 M NaCl 

sample Ad,av (cm2) �v (mV) �I (nA) ⟨�⟩ (mV) ⟨^⟩ (nA) �V∗  (Ω) 

AKAl 117   3.78 . 10-5 60.739 0.8166 155.605   30.636   5.45 . 106 

NTC 77   9.80 . 10-5   1.491 2.4400 499.553     5.198 96.10 . 106 

 

Figure 2 EDX mapping and structure (SEM-SE image) - cross sections of AKAl117 after 168 hrs                  

of exposure in 0.05M NaCl 

 

Figure 3 EDX mapping and structure (SEM-SE image) of cross sections for NTC 77 after 168 hrs 

of exposure in 0.05 M NaCl 

It the case of NTC 77 with the small penetration of Cl- into coating along the electrolyte/coating interface it can 

be a result of plastizing effect triggered by the absorbed water in this coating in the end of test.  

At the same time reasonable good correlation with this conclusion was found when MEM Noise Impedance 

Spectrum characteristics of tested coatings (MEM curves) in the end of tests were compared (Figures 4  
and 5).  
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Figure 4 Noise impedance spectrum (MEM curve) for AKAl 117 after 168 hrs exposure 

 

Figure 5 Noise impedance spectrum (MEM curve) for NTC 77 after 168 hrs exposure 

It is obvious that for AKAl 117 with higher delamination resistance higher Z0.08Hz value can be attributed to 

some degree of competition between disbonding conditions and conditions for formation of corrosion products 

with passivating effect at the metallic surface beneath the coating [2]. 

4. CONCLUSION 

The effect of possible differences in local voids fraction (present in epoxy coatings with partial replacement of 

Zn by other type of fillers even at OPVC = 40) on differences in delamination tendency was explained using 

modified approach to analysis of EN data obtained during immersion tests in 0.05 M NaCl. 
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Abstract  

There are shown some case studies when the defects in coatings (hot dip galvanised and duplex coatings with 

powder paints) were caused by hydrogen charging into matrix of substrate steel. Steel was exposed into 

hydrochloric acid and then the zinc coatings had been formed at higher temperature. The evidence of hydrogen 

recombination and its molecules´ diffusion from coating layers is shown on cross-sections. The hydrogen 

release caused the defects on subsequently powder coated galvanized plates, too.   

Keywords: Steel, galvanized, hydrogen charging, coating defects, microscope cross-section 

1. INTRODUCTION 

During hydrogen embrittlement, hydrogen is introduced to the surface of a metal and individual hydrogen 

atoms diffuse through the metal structure. Adsorbed hydrogen species recombine to form hydrogen molecules, 

creating pressure from within the metal. Hydrogen embrittlement can occur during various manufacturing 

operations or operational use - anywhere that the metal comes into contact with atomic or molecular hydrogen 

[1]. At room temperature, hydrogen atoms can be absorbed by carbon steel alloys.  The absorbed hydrogen 

may be present either as atomic or molecular form. Processes that can lead to this include some technologies 

of surface treatment as phosphating, acidic pickling, and electroplating. Given enough time, the hydrogen 

diffuses to the metal grain boundaries and forms bubbles at the metal grain boundaries. These bubbles exert 

pressure on the metal grains. The trapped hydrogen atoms have high tendency to recombination to molecules 

with increased pressure (Figure 1). Despite a large research effort in attempting to understand the 

mechanisms of failure and in developing potential mitigating solutions, hydrogen embrittlement mechanisms 

are still not completely understood. 

 

Figure 1 Mechanisms of hydrogen diffusion and recombination 

Some types of steel and fabrication techniques that require extreme cold-working of the steel before 

galvanizing can lead to embrittlement problems that impact the performance of the product. During 
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galvanization, hydrogen may be absorbed in the steel during the course of the pickling process, as a result of 

contact with the hydrogen ions present in the hydrochloric acid. Hydrochloric acid (HCl) is used at ca 30 °C 

temperature in hot-dip galvanizing processes, almost entirely for pickling prior to galvanizing. The 

concentration of acid is generally 10%-15% HCl. In next technological step as a result of the high temperature 

of the zinc bath the hydrogen atoms rapidly recombined. Most of the hydrogen is desorbed below 280 °C. 

The two case studies presented in this paper concern defects and causes of failure of surface treatment 

associated with galvanized steel sheet material.  

2. CASE STUDIES 

2.1. Small articles galvanized by centrifuge process 

One of the case studies presents defects associated with the actual hot-dip galvanizing process itself. The 

small articles (Figure 2) made from hot-rolled steel sheet had been galvanized by process known as centrifuge 

(or spin) galvanizing. In centrifuge galvanizing the articles are loaded into a basket which is spun at high speed 

immediately after removal from the molten zinc. Centrifuge galvanizing was conducted by high temperature 

process at about 550 °C. In the high temperature galvanizing process produces a coating comprised fully of 

zinc-iron alloy. Occasionally small centrifuged articles which have been cold-pressed or cold-drawn may exhibit 

some reduction in adherence of the zinc coating to the steel surface. 

The low zinc coating adhesion was the problem with tested articles - sample 1. As the hot-rolled steel strips 

had been covered by thick layer of mild scale the strips had been pickled in hydrochloric acid before articles´ 

forming and once again before galvanizing. The same articles had been made from cold-rolled steel without 

layer of mild scale - sample 2. On these articles the zinc layer shows low adhesion, too. Adhesion was tested 

by device for adhesive strength tests compliant with ASTM A123 (removed in 1989 edition). As reference 

sample was used very similar articles galvanized in the same conditions - sample 3, which zinc layer was 

adherent. 

     

Figure 2 The galvanized articles - samples 

The chemical composition of substrate steel was analyzed by EDX method on electron scanning microscope 

Tescan Vega II with detector X-Max 50 SDD, Oxford Instruments. In Table 1 there are given the elements 

significant for galvanizing. The composition steels are practically the same - category C (> 0.03 % Si to < 

0.14 % Si) according to ISO 14712-2, i.e. not better steel for galvanizing. 

The electron scanning microscope was used for SEM image of structure of zinc coating. On Figure 3 there 

are cross-sections from all tested samples in various magnifications. There is seen the gaps between steel 

surface and the first zinc phase layer. The differences between morphology of zinc coating especially close to 

interface zinc/steel are evident. On sample 1 the coating is characterized by many cracks and small pores 

(bubbles) with very typical round shape. The diameter of these “bubbles” decreases with increased distance 

from steel surface. On other samples 2 and 3 the zinc coating layers have also cracks, but in small numbers, 

and no pores.  

sample 1 sample 2 sample 3 
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Table 1 Chemical composition of steel (wt. %) 

sample  Al Si P Mn 

1 0.10 0.06 0.02 0.33 

2 0.06 0.05 0.01 0.38 

3 0.06 0.06 0.01 0.67 

 

  

   

Figure 3 The structure of zinc coating on different samples 

2.2. Duplex coating of large panels  

Steel panels with dimension 950 x 1770 x 4.5 mm, ca 230 pcs, were galvanized and then the powder coating 

was applied. Immediately a lot of defects as pinholes with various diameter (ca 5 mm) occurred; some of them 

sample 3

sample 1

sample 2
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were up the coating surface and some in the coating (Figure 4). These bubbles form tiny craters on the surface 

of the coating. According to EN ISO 4628-2 the defects occurrence can be evaluated as 2-2(S2) to 2-2(S3), 

i.e. ca 0.05 to 0.5 % from total surface of panel. Thickness of zinc coating was ca 75 µm and powder coating 

ca 230 µm.  

  

Figure 4 Example of defects on panels - pinholes Figure 5 Defect on interface between zinc and 

organic coating 

The microscopic evaluation shows large defects in the shape of bubbles on the interface between organic and 

zinc layers (Figure 5). The cross-sections of zinc coating illustrate the pores and cracks in the layer and 

especially on the interface of zinc coating and substrate steel (Figure 6). 

The powder coating layer is cured by heating till ca 230 °C. In this temperature the recombination of diffused 

hydrogen in steel occurred and created such defects in zinc and subsequently in organic coating layers. 

3. CONCLUSION 

It is estimated that 70 - 80 % of produced steel is minimally 1x pickled in acid during its technological treatment.  

Microscopic examination was carried out on the various types of products which shown defects in coatings 

(galvanized, additional organic coatings) probably caused by hydrogen charging. It cannot be called 

embrittlement as the mechanical or corrosion properties of substrate steel were not affected, but the quality of 

surface treatments as corrosion protection was significantly negatively affected. 

The hydrogen content in steels may have unfavorable effect on their physical, mechanical and electrochemical 

properties. Depending on their Si content steels in hot-dip galvanizing release the hydrogen absorbed during 

pickling in a different way [2]. The zinc coating grows evenly and quickly on category C steel (samples 1 - 3 of 

small artefacts). At the same time, hydrogen loss begins to occur immediately after the immersion of the steel 

into zinc bath. The emitting hydrogen causes a rapid removal of the Fe/Zn alloy layers from the interface of 

steel/coating. Due to centrifuge galvanizing the only phase ζ without top phase η is formed and coatings are 

more fragile in principle. On all samples galvanized by centrifuge technology the gaps between steel surface 

and zinc coating layer are evident. But only on sample 1 which had been pickled twice (once for mild scale 

removal, secondary as standard pretreatment before galvanizing) the pores (bubbles) formed in zinc layer. 

The measurement of hydrogen content in steel is difficult due to very low levels of diffusible hydrogen present 

in them (cca 1 - 2 ppm) and the possibility of contamination from extraneous sources in the analysis. Hydrogen 

content in galvanized articles on the level of several ppm has no impact on the deterioration of steel mechanical 

properties [3], but he effect on the adhesion of zinc coating or forming the defect during subsequent powder 

coating of such articles may be more critical.   

50x magnification 
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Figure 6 The cross-section of zinc coating with powder coating 

Powder coating over galvanizing presents its own set of problems. There are few reasons of pinholes forming 

in powder coating - the distinct polyester resin particles that make contact with the surface of the galvanized 

steel do not fuse concurrently (the majority of cases), incomplete curing process, not proper pre-treatment of 

galvanized surface, etc. [4]. Pinholes develop from a process called “outgassing”.  Pinholes occur during the 

cure - as the part heats up, gasses that are trapped on or inside the part escape through the powder, causing 

holes or bubbles in the powder coating.  The source of gasses may be surface contamination, moisture on 

surface, but the hydrogen charging of steel is also one of them. Atomic hydrogen, which penetrated into steel 

during pickling, only emits from it partly during the immersion in the zinc bath. An other amount in released 

from steel and zinc layer a few days after the galvanizing. Every next heating of steel accelerates this process, 

e.g. curing of powder coatings. During the curing the coatings re sintering and block free hydrogen release 

resulting into pinholes and craters in coating layer.  Pre-heating the galvanized steel before painting is one of 

possibilities how to reduce the pinholes occurrence, but the temperature should be minimum 280 °C. During 

this temperature the diffusion of zinc phases occur, too, which may cause another problem with lower adhesion 

of zinc coating. 

These two case studies show how important is detailed evaluation of failure by combination of methods for 

identification of reason of failure and make prevention means if it is possible (choice of steel category, each 

step in technology, parameters during galvanizing, etc.). 
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Abstract  

The article deals with the basic mechanisms of wear of the intake and exhaust guides of the valves and the 

valves themselves, which occurs during the operation of internal combustion engines. Particularly unfavorable 

conditions for friction pairs occur when operating engines with alternative fuels, such as natural gas, biogas or 

landfill gas, which may contain high amounts of sulfur. The article further describes modern materials and 

surface treatments of valves and valve guides. Furthermore, the article deals with non-destructive analysis of 

mechanical properties of guides, specifically the modulus of elasticity and strength. These properties are 

calculated by mathematical relationships that use the real and ultrasonic thickness of the material and, based 

on the change in thickness, express the mechanical properties. 

Keywords: Valve guides, valves, sliding couple, tribology wear, non-destructive testing 

1. INTRODUCTION 

The valves of internal combustion engines precisely define the intake mode, the combustion of the flammable 

mixture and the exhaust of the flue gases. The performance stability and ecology of the engine operation 

depend on the precise valve guidance. The solution of a reliable valve-line pair is current for the design and 

material engineers of the development of engines for conventional, but especially alternative fuels. The 

developed materials, which are discussed in this paper, must ensure a guaranteed service life of fluid friction 

with minimum adhesive wear under deteriorating temperature and corrosion conditions. 

2. ADHESICE WEAR FACTORS 

  

Figure 1 Fixed particle bond [1] Figure 2 Extraction of particles from material [1] 

The contact of the surfaces between the two components occurs on a large number of contact surfaces. Their 

formation is accompanied by plastic and elastic deformation of the tops of specific irregularities. Due to the 

adhesive forces, micro connections are formed on the exposed contact surfaces. Pulling and particle formation 
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cause adhesive forces. The breakdown of micro connections is affected by a sharp increase in local 

temperature. This increases the diffusion and can form a firm connection between the torn particle and the 

surface of the second material (Figure 1 and Figure 2). A prerequisite for blocking the transmission is provided 

by a sliding pair of "non-weldable" materials, thermally conductive materials, breaking of barrier layers from 

oxidation or other chemical reactions. E.g. the α-Fe2O3 coating is favorable for steels and acts as a protective 

layer and lubricant. Chemical reactions can also increase wear. Hard metal oxides are abrasive particles. 

3. VALVE STEM 

The sliding length of the valve stems in the subject area of the motors is galvanically chromium-plated. If the 

surface of the stem has a low roughness, a soft guide can be used. This limit value for chromium valves is Ra 

0.04 μm, for others Ra 0.06 μm [1]. The chromium layer has a positive effect on the sliding properties in the 

guide and the resistance to corrosion and wear [2] The end of the valve stem must withstand high contact 

loads from the rocker arm, therefore it hardens inductively, surface or overall [3]. The valve material resists 

abrasion in heat, excels in dimensional stability, corrosion resistance, strength and fracture resistance [4]. 

Standard EN 10090 (42 0944) describes the suitability of steels and alloys for valves of internal combustion 

engines. The production of exhaust valves is common in the design, which is referred to as trimetallic = Co 

weld + head made of austenitic steel or Ni alloy + resistance or friction welded stem made of martensitic 

chrome steel with hardened shank, which is intended for contact with the rocker arm [4]. The shaft is made of 

hardened chrome steel [3]. Martensitic steel 17 115 was used in the Czech Republic. 

4. HARD CHROME LAYER  

In general, chromium is resistant to chemicals, high temperatures, exceptional hardness and high abrasion 

resistance [2]. Hard chromium plating is one of the galvanic processes. These chromium coatings are 

deposited electrochemically. Chromium is precipitated from chromic acid by gradual reduction or is precipitated 

from chromic acid directly. In the chromium plating bath, the precipitation of chromium is determined by 

valence. When hard chromium plating is used, a coating with a thickness of 1 μm up to a few millimeters is 

deposited [5]. Excellent corrosion protection, for valves, is guaranteed by a chromium layer around 15 μm. The 

electrochemical deposition of these hard chromium coatings results in a high hardness [5]. This excluded 

chromium is a mixture of cubic centric and hexagonal allotropic structures. The deformation of the lattice, which 

determines the hardness, is caused mainly by the closure of oxygen-based chromium compounds. The 

hardness of chromium layers is determined by the content of chromium oxide. The compound content of this 

chromium layer is about 1 %. Hydrogen only partially participates in the deformation. The forms of chromium 

differ from each other in both hydrogen content and crystalline form. Crystallization affects the hardness of the 

chromium layer. As the current intensity and temperature increase, the hardness first increases to a maximum 

and then decreases. This process is accompanied by increasing coarsening of the crystals, while the mutual 

cohesion decreases. Hardness also affects the composition of the electrolyte [6]. The optimum hardness at 

which the coatings are stable is approx. 860 HV. Coatings that are harder are unstable. Excellent friction values 

are obtained using a pair of hard chrome with perlitic cast iron, a composition or lead bronze. Good values are 

achieved for mild steel or hard steel with low roughness and sufficient lubrication. They show poor results 

when rubbing chromium against chromium or light alloys or phosphor bronze [6]. Figures 3 and 4 show the 

structure of the tribological surfaces of the valve guides and valve stem. 

The valve line dissipates 25 % of the heat generated by the motor [2]. Standard ONA 30 2207 (invalid after 

accession to the EU) specifies the requirements of the guides for conventional piston engines. For cast iron 

guides, the matrix must be perlitic (max. 10 % free ferrite F). The valve guide is pressed sub cooled into the 

cylinder heads and drilled in the head assembly into the final positions with the valve seats for precise valve 

guidance. The valve lines must therefore be easy to machine. 
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Figure 3 Operationally overloaded Cr layer of  

valve stem 

Figure 4 Operationally overloaded cast iron  

surface of valve guide 

5. DEVELOPMENT OF GUIDE MATERIAL OVER TIME  

The development of guide material has a history. Until 1993, the LIAZ engine guides were made of non-alloy 

cast iron with uniform flake graphite and perlitic matrix (quality ČSN 422425; casting ČSN 01 4470.4; hardness 

190 to 240HB). Cast iron with flake graphite has the ability to dampen and thus reduce the level of vibrations. 

The structure of real castings used to be inhomogeneous with deliveries over time and within one semi-finished 

product; to a depth of 1.5 mm, the matrix is ferritic with perlitic cell boundaries. From 1.5 mm to 5 mm perlitic 

(70 to 85%), which is also of the highest quality. From 5mm to the center of the guide, there is super cooled 

graphite with 90% F bordered by perlite (40 to 60 %). The critical parameter at this time was durability, not 

reliable hot operation. The perlitic matrix would be provided by Cu alloying. However, it was more efficient to 

introduce isothermal hardening of the line workpieces into a 350°C salt bath. Bainite (ausferite) excels in high 

resistance to wear, strength and hardness (260-300HB) with sufficient final machinability [7]. It was possible 

to harden castings from cheaper cast iron of quality 42 2415. The applicability of this cast iron is up to the 

temperature of isothermal hardening, then its properties can change (350 - 400 °C). On the Figure 5a and 

Figure 5b there are sections through cast iron valve guide. Figure 5c shows valve with chrome-plated stem. 

It was used ordinary cast iron with flake graphite as a starting material for heat treatment based on ČSN 42 

2420 For D up to 30mm Rm min 200MPa, HB170-220, Eo-110GPa, SE 0.93 to 0.99. In Table 1 and 2 are 

measured values, determined using a non-destructive ultrasonic method. 

Certificate: Quality 42 2420; 198-204HB; 

Rm* 244.5-252 MPa; C 3.51 %, Si 2.22 %; P 0.23 %. (*Calculated according to equation (1; 2) from [8].) 

_ � 3`∗a
ab 6

�
                 (1) 

where: 

E - Young´s modulus [GPa]  

K - Value of K, can be calculated from the results of acoustic measures on slender bars [9] [-] 

L  - Real thickness [mm] 

Lu - Ultrasonic thickness [mm] 

�* � 7.211 ∗ a
ab

�.�,+ ∗ ��..,B              (2) 
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where: 

Rm - Tensile strength [MPa] 

L  - Real thickness [mm] 

Lu  - Ultrasonic thickness [mm] 

HB  - Brinell hardness [-] 

The certificate already states SE 0.93 - 0.94. 

 

Figure 5a Quality sliding surface 

 

Figure 5b Worn by heat adhesion and corrosion 

 
Figure 5c Valve with chrome-plated stem 

Table 1 Mechanical properties of valve guides LIAZ 

Hardness  
HB 

Lu L Eo [GPa] Rm [MPa] 

207 332.7 263.3 128.64 252 

Lu - Ultrasonic thickness [mm] 

L - Real thickness [mm] 

Table 2 Mechanical properties of valve guides LIAZ depending on measuring position 

 HB10 Lu L mm Eo [GPa] Rm [MPa] 

inflow 187 21.9 17.2 126 222 

the end 213 22.5 18.8 143 299 

Table 3 Metallurgical composition of LIAZ valve guides 

 Graphite Matrix Phosphorus. eutectic 

Inlet to the casting GIA - 4/5 Perlite 92%, P1, Pd1 Individual departments 

Beginning GIA - 5 Perlite 95%, P1, Pd0,5 Individual departments 

Table 2 and Table 3 show properties of LIAZ valve guides. In Table 3 in column Matrix means P1 - Lamellar 

perlite; Pd factor - Dispersion of lamellas [μm] 
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For cast irons, the maximum service life without TZ is guaranteed by a guide with the composition: C 3.2 - 3.5; 

Si 1.8 - 2.2; Mn 0.6 - 0.8; P 0.65 - 0.9; S max 0.12; Cr max 0.2 [%]. The resistance of this alloy is up to 600 °C. 

However, the composition results in difficult machinability. The use of alternative fuels (e.g. biogas) leads to a 

high corrosion temperature load of the parts adjacent to the combustion chamber. Cast iron guides do not 

comply (Figure 5b). Special CuAlFe bronzes have been developed for these applications.  

Measurement method: XRF. The structure does not resemble the classic Al bronzes. The hardness and 

strength of these Cu alloys can be modified within wide limits by curing and other heat treatment processes 

[6]. For sliding applications, a hardness of around 300HV is recommended. At the turn of the millennium, the 

most heat-intensive engines (such as gas in the "stechio" combustion mode) used expensive "exotic" alloys 

based on Ni, Ag and other metals, or cheaper ones such as Ni Cr13Mo2Bi5Sn4Fe2. Their metallurgy and heat 

treatment are not easy and they are covered by industrial legal protection. 

6. CONCLUSION 

Valve lines made of isothermally hardened cast iron with flake graphite are suitable (standard in TEDOM) for 

standard operating conditions of gas and diesel small series engines. Valve lines with small diameters (up to 

7 mm) are proven to be made of complex alloy brass. Extremely stressed lines (corrosion, temperatures) were 

used from Al bronzes and expensive complex alloyed Cu alloys. Phosphorous cast iron castings with flake 

graphite are still suitable for large-scale production conditions under normal line conditions. However, most 

valve guide suppliers have switched to products made of a mixture of steel powder and bronze made by 

powder metallurgy technology with additional pressing to remove residual porosity. Residual porosity does not 

seem to reduce the service life of the line, because the currently applied variants of the line material are always 

porous. Although the porous guide prepared by PM has a significant minimum of stiffness and hardness and 

a limiting high roughness of the bore in the middle of the length. Pure steel-bronze lines were enriched with 

variants with increased content of P and Mo + S. The lines examined in 2020 are only a combination of alloy 

steel and Mo + S ("lubricates" the hot end to the highest temperatures). 

ACKNOWLEDGEMENTS   

This publication was written at the Technical University of Liberec as part project “The study 
and evaluation of material’s structure and properties“ with support of the Specific University 

Research Grant as provided by the Ministry of Education, Youth and Sports of the Czech Republic in 
the year 2020. 

REFERENCES 

[1] ČESOMOT s.r.o. Výměna ventilů, vodítek a vložek sedel ventilů [online]. [viewed 2010-03-04]. Available from: 

http://www.cesomot.cz/doc_cz/AE_pokyny_pro_vymenu_ventilu_voditek_a_vlozek_sedel_ventilu.pdf. 

[2] ČESOMOT s.r.o. Valve train components. In Complete production program of valve distributions for the spare 

parts market [online]. [viewed 2010-03-15]. Available from: http://www.cesomot.cz/doc_cz/AE-vyrobni-program-
ventilovych-rozvodu.pdf. 

[3] KOLEKTIV AUTORŮ. Provozní degradace austenitických ventilových ocelí. Operational degradation of austenitic 
valve steels. In: sborník semináře se zahraniční účastí: 9. října 2006. Liberec: Technická univerzita v Liberci, 

2006. 

[4] SKRBEK, B. Materiály pro konstrukční aplikace. Materials for construction applications. 2nd Edition. Liberec: 

Technical University Liberec, 2009.  

[5] BARTL, D. O.; MUDROCH, O. Technologie chemických a elektrochemických povrchových úprav. Technology of 

chemical and electrochemical surface treatments. Praha: SNTL, 1957. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

701 

[6] SLÁMA, P., PODANÝ, P., MACHÁČKOVÁ, K., SVĚTLÁ, M., MACHÁČEK, J. Structure and properties of pressed 

rods from CuAl10Ni5Fe4 alloy. In: METAL 2010 - International Conference on Metallurgy and Materials. Rožnov 

pod Radhoštěm: Tanger, 2010. 

[7] BENEŠ, L. KALOČ, R. Tribological aspects of the railway whel - rail contact. In. Sci. Papers of the university 

Pardubice, Series B. The Jan Perner Transport Fakulty. 2006. vol. 12. 

[8] SKRBEK, B. Pokroky v oblasti nedestruktivního zkoušení. Advances in non - destructive testing. Monography 
from Technical University of Liberec, 2014.  

[9] SKRBEK, B., NOSEK, V. Srovnávací nedestruktivní testy materiálů autodílů. In: Defektoskopie 2011. Ostrava, pp. 
163-168. ISBN 978-80-214-4358-7.   

 

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

702 

GENERAL APPROACHES TO IMPROVING ANTICORROSION AND ANTIFOURING 
COATINGS 

1Veniamin BOLDYREV, 2,3Vladimir MEN’SHIKOV, 2Anastasiya SAVINA, 1,2Nikita BOGATOV, 
2Aleksandr ZOTKIN, 3Flura IL’DARHANOVA, 1Anastasia RAZVODOVA 

1Bauman Moscow State Technical University, Moscow, Russia 

2D. Mendeleev University of Chemical Technology of Russia, Moscow, Russia, 

savina_bmstu@inbox.ru 

3Scientific Production Association «Lakokraspokrytiye», Khotkovo, Moscow region, Russia 

https://doi.org/10.37904/metal.2020.3571 

Abstract 

Metal structures, equipment, ships, port and hydraulic structures, other objects operating in river or sea water, 

after some time are exposed to the inhabitants of the aquatic environment. The surface is overgrown with 

algae; various small marine organisms attach to it. Fouling with algae and microorganisms becomes the reason 

for the intensification of metal corrosion processes in an aggressive aqueous medium, which leads to 

premature destruction of objects. 

Bio-fouling creates a number of problems for operation - from reducing the fuel efficiency to losing the design. 

Only recorded losses from biodeterioration account for 5-7% of the value of world industrial products, and they 

are gradually growing. 

Keywords: Corrosion, antifouring, biocides, paints and varnishes 

1. FOULING PROBLEM 

The economic and environmental consequences of biocorrosion can be quite noticeable if we take into account 

the following negative facts that occur during fouling: 

1) high cost of docking the ship (over 1 million euros per day), 

2)  the ship serves with less efficiency and safety, 

3)  when the ship is fouling, fuel consumption increases by more than 40 %, 

4)  aggressive species of fouling can invade new ecosystems and cause damage to these systems. 

In connection with the foregoing, the protection of structures from biological damage and fouling is of great 

importance. 

It is common practice to prevent fouling by algae and marine organisms - painting the surface of such objects 

with special paints and varnishes (paintwork materials), which are divided into the following categories: biocidal 

contact action and preventing fouling (self-cleaning) [1-2]. 

Biocidal coatings include antifoulants - agents that inhibit biological fouling due to their high toxicity. Anti-fouling 

paints and varnishes that do not contain antifoulants include the use of a polymer soluble in seawater with a 
strictly controlled polishing rate and an increase in the mechanical strength of these materials. 

Previously, the problem of anti-fouling was successfully solved by the use of self-cleaning coatings with 

controlled release of tributyltin toxin. Biocide was extremely effective. This toxic and persistent material has 

been used so widely that its accumulation in the marine ecosystem has become environmentally unsafe. The 

International Maritime Organization for the Control of Harmful Antifouling Systems on Ships (IMO) has adopted 
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the International Convention on the Limitation, since 2003, of the use of antifouling systems containing 

tributyltin and other organotin compounds. Since 2008, these biocides have been banned. 

In connection with this circumstance, new types of paints and varnishes began to be developed, primarily self-

polishing anti-fouling coatings that did not contain organotin biocides, with a strictly controlled polishing rate. 

Rosin was used as a self-polishing film-forming base, and copper oxide and other copper-containing 

compounds are used as the main biocide in such compositions. Organic biocides such as diuron and cineb 

are also used in combination with copper oxide. However, the service life of such coatings between docks, 

even in the case of reinforcing fibers, is a maximum of 5 years, and in normal practice - 2-3 years, which is 

associated with the mechanism of action of the coating: dissolving the polymer in water to obtain a polishing 

effect. 

In addition, copper is less toxic than tributyltin, ecologists predict that for it, ultimately, it will be necessary to 

look for an alternative in 2-3 years. 

Thus, if there is a current ban on the use of organotin antifouling substances and restrictions on the use of 

other biocidal materials, there is no certainty regarding the acceptable dates for the use of copper in antifouling 

coatings. Therefore, the development of low- or non-toxic anti-fouling coatings is relevant. 

Modern environmental requirements in the development of new anti-corrosion and anti-fouling coatings are as 

follows: 

1)  the complete prohibition, in accordance with the decision of the UN (IMO Convention), of the use of tin-

containing antifouling coatings, as the most dangerous for the environment, 

2)  development and use in anti-fouling coatings of new low-toxic biocides that do not contain heavy metals, 

3)  creation of antifouling coatings, the toxic components of which in seawater quickly (for example, within 

no more than 12 hours) lose their biological activity, 

4)  development of coatings with delayed release of harmful components from them into the environment, 

which will ensure a decrease in concentration in sea water. 

There are two main approaches to meeting the above requirements: 

1)  creating a very slippery coating surface to which marine organisms cannot attach, 

2)  use of biodegradable biocides in coatings, which will slowly leach out of the coating. 

2. METHODS OF PROTECTION AGAINST CORROSION AND BIOFOULING OF SURFACES 

Thus, based on the above requirements, there are two directions in the development of protection against 

corrosion and biofouling of objects operating under the influence of fresh and sea water: 

1)  the creation of coatings with reduced surface energy - hydrophobic, with a slippery surface that prevents 

fouling (adhesion to micro-and macroorganisms on the paintwork), so biocidal additives are not added 

to such coatings (non-biocidal protection), 

2)  the use of new highly effective environmentally friendly biocides with reduced toxicity and an adjustable 

rate of leaching of the biocide, which can significantly increase the life of the biocide coating. 

Non-biocidal protection is a new approach to maintaining the cleanliness of the underwater surfaces of ships, 

it consists in the use of non-toxic coatings, from which the layering is easily removed mechanically, often simply 

by oncoming water when the ship is moving. This biofouling coating technology is based mainly on the surface 

chemistry of siloxanes, to which bioorganisms loosely adhere. The composition of such coatings usually 

includes polydimethylsiloxane with functional silanol groups (SiOH), silicon dioxide, catalysts and silanes and 

alkoxyl groups or a silicate crosslinking agent. Due to their smoothness and low surface energy, marine 

organisms do not adhere to such a coating [3]. The increased smoothness of the coating also improves the 

speed characteristics of ships and provides fuel savings [4-5]. 
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The main film-forming agents of such paint and varnish compositions are silicone elastomers, including 

fluorinated, as well as medium molecular weight fluoroepoxy resins, cured by amino-silicone compounds and 

forming coatings with excellent physical, mechanical and protective properties, ensuring a long service life 

when used in water and protecting surfaces from biofouling [6]. Fluorinated or silicon additives are widely used 

as a means of reducing surface or interfacial tension in coatings at low amounts of administration, since they 

easily migrate to the surface during curing.  

But coatings of this type are effective for use as anti-fouling substances on fast moving ships, where streams 

of water allow washing away attached organisms. The general rule is that in order to make these coatings 

effective, you need a speed exceeding 18 knots, which is why they are used on high-speed vessels. 

Exceptionally low surface tension coatings or coatings are known which slowly leach siloxane components, so 

that the surface remains active. 

The difficulties encountered in the production of coatings of this type include the ability of the coating surface 

to change over time. This is expressed in the fact that the surface tension on a surface freshly moistened with 

clean water can differ significantly from the surface tension on a surface that has been immersed in water for 

several days. 

Such a change in surface properties results in a decrease in interfacial tension, which in turn allows 

microorganisms to more easily attach to the coating. The scale and rate of such a change depends on the 

composition of the coating: they are lower than hard, highly cross-linked coatings. 

Their industrially produced non-biocidal anti-fouling coatings using silicone technology are known for Intersleek 

coatings from AkzoNobel and Hempasil X3 from Hempel, SeaLion from Jotun, which are characterized by low 

surface energy and a smooth coating surface. 

An increase in biostability is possible through the use of new highly effective environmentally friendly biocides 

with reduced toxicity. 

Coatings based on currently used enamels in the initial period of operation are characterized by an excessively 

high rate of leaching of toxins, with about 25 - 30 % of toxins being consumed unproductive. When developing 

coatings with a controlled biocide leaching rate, one of the most promising ways to create anti-fouling coatings 

is the use of diffusion surface layers. In this case, the hydrophilicity of the surface layer and its porosity can be 

controlled by changing the ratio of hydrophilic and hydrophobic components in the film. Hydrophilic 

components can have different solubilities, vary widely over the size of the molecular weight, in some cases 

they can serve as toxins. 

Both in non-biocidal coatings and in coatings with biocides, the use of nanotechnologies is promising, for 

example, the production of nanostructured surfaces, or the use of nanosubstances acting at the nanoscale. A 

successful solution to the problem of obtaining low-toxic biocides is possible in the transition to 

nanotechnology, which will initially allow controlling the particle morphology at the micro level. A 

nanosubstance is characterized by a special distribution of atoms and electrons in it, which gives the 

nanoparticle substances special properties (minimum volume, maximum surface energy, special energy, etc.) 

in contrast to compounds of a similar chemical structure with large particles. Abroad known anti-fouling paint 

systems that do not contain biocides, with a nanostructured surface, which effectively resists fouling by marine 

organisms. Antifouling paint systems for marine conditions were developed on the basis of fluoropolymer, 

epoxy resin, nanosized titanium dioxide, silicone and acrylic polymers with radicals containing Cu and Zn. 

There is evidence of compositions containing nanosized silica to prevent biofouling [7-10]. 

It is also possible to use epoxy siloxane hybrid binders filled with nanocomponents in the anti-fouling materials. 

For example, coatings 375 nm thick formed by TiO2 nanoparticles (anatase) with diameters of 15-18 nm were 

prepared on the stainless steel surface by the sol-gel method and were hydrophobized with a self-ordered 

layer of fluoroalkylsilane (the contact angle of water-wetting of the hydrophobized coating was 150°). The 
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surface morphology and coating structure were studied by scanning electron microscopy and X-ray phase 

analysis. According to electrochemical measurements, the coatings showed excellent corrosion resistance in 

a chloride solution at room temperature [11]. 

3. HYPOTHESES AND SUGGESTIONS 

One of the new directions in the use of low toxic biocides, according to foreign publications, is the use of a 

number of standard pharmaceutical products for use as antifouling agents. Note that it is not necessary to kill 

marine organisms, it is enough not to let them sit on the surface of the coating. It turned out that the group of 

products that were investigated are called ketimines and which are known to have low toxicity due to their 

pharmaceutical use, can be used as biocides. Medetomidine is especially effective; A system for the prolonged 

delivery of a drug substance was developed, the action of which is based on the adsorption of medetomidine 

on the surface of metal oxide nanoparticles. However, these biocides are in the initial stages of development 

and are only examples on the way to creating coatings that are not harmful to the environment and do not 

contain toxic substances. 
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Abstract  

Atmospheric plasma sprayed (APS) chromia coating provides excellent wear behaviour combined with 

corrosion resistance even in aggressive environments. In this paper, the influence of variable spraying 

parameters on the mechanical properties and microstructure of chromia coatings is investigated. Main goal for 

this optimization is to achieve high wear and abrasive resistance. APS ceramic coatings such as chromia could 

perform in some industrial applications as well as more commonly used HVOF (high velocity oxygen fuel) 

cermet coatings, especially in wear and abrasion resistance. In order to be able to compete with hard and wear 

resistant cermet HVOF coatings, optimization of spraying parameters for this particular chromia powder is 

required. High throughput cascaded plasma troch is used for the spraying process. Set of five different spraying 

parameters is used varying only primary plasma gas flow rate and input electrical current with rest of spraying 

parameters set constant, including carrier gas flow. Critical plasma spraying parameter or CPSP is also utilized 

in the design stage of experiment. Coatings sprayed on low carbon steel substrate underwent superficial 

Rockwell indentation, optical microscopy on polished cross section, adhesion strength testing and dry sand 

abrasion test. No significant correlation between CPSP values and hardness, adhesive strength or abrasion 

resistance was observed. High input electrical current combined with rather high plasma gas flow provided 

better abrasion resistance than lower input electrical current and flow rates. Coating performing best in 

abrasion test also displayed by far the highest adhesive strength to substrate material, so presumably having 

also the highest cohesion strength between splats may lead to less inter splat decohesion or chipping during 

dry sand abrasion. 

Keywords: Thermal spraying, atmospheric plasma spraying, APS, cascaded plasma torch, Cr2O3, chromia 

coating, abrasion resistance 

1. INTRODUCTION  

One of the chief industrial use of thermal sprayed coatings is protection against wear. Whereas HVOF (high 

velocity oxygen fuel) sprayed cermets such as WC-Co, WC-CoCr or Cr3C2-NiCr are usually used for many 

kinds of wear and abrasion resistant protective coatings and are quite common as an alternative to 

conventional wear protection (such as hard chrome), plasma sprayed ceramics (e. g. Al2O3 or Cr2O3) can 

perform in many cases as well as HVOF sprayed cermets. HVOF cermet-based wear resistant coatings have 

superior quality compared to plasma sprayed cermet coatings, concerning much lower porosity, lower 

oxidation of melted powder and splats and overall low carbide decomposition [1]. On the other hand, plasma 

spraying with its extremely high temperatures between 15 000 to 20 000 K provided by plasma jet allows 

melting of ceramic materials, something that is impossible or at least very problematic with HVOF spraying 

due to HVOF much lower temperature provided by combustion of oxygen and kerosene mixture. Oxidation 

due to the higher temperature and lower jet velocities of plasma jet is no longer an issue with oxide ceramic 
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materials, since the powder material is already in form of fully oxidized compounds. An additional considerable 

factor is also cost of powders, with fine cermets for HVOF spraying being overall more expensive than oxide 

ceramic powders for plasma spraying. The only remaining issue in comparison of HVOF cermet coatings and 

plasma sprayed ceramics can be considerable higher porosity of the latter. [1,2] 

One of possible plasma wear and abrasion resistant material is chromia - Cr2O3. This paper concerns an 

atmospheric plasma sprayed (APS) chromia coating deposited with unconventional cascaded design plasma 

torch. Main goal for this paper is to present optimization of spraying parameters with intention to achieve 

coating with high dry particles abrasion resistance. To test the abrasive resistance of coatings, 

dry sand - rubber wheel testing machine according to ASTM G-65 standard was used. Possible objective for 

abrasive and wear resistant APS chromia coating can be replacement of HVOF cermet in some industrial 

applications. Optimization of spraying process parameters of commercial chromia powder with high throughput 

unconventional atmospheric plasma torch is carried out and results with possible conclusions are presented 

further in this paper. 

2. POWDER AND SPECIMEN MATERIAL 

Pure chromia commercial powder Metco 6155 by Oerlikon Metco with nominal particle size distribution 

between 15 and 45 micrometers was chosen as the default material. Manufacturing method for this powder is 

sintering and crushing. Manufacturer guarantees typical amount 99.7 wt. % of Cr2O3. Trace amount of other 

oxide ceramics in the powder is presented (TiO2, SiO2, Al2O3). 

S235 construction steel served as the substrate material. Specimens of cross section of 25 mm x 5 mm 

and 75 mm in length were used for Dry sand rubber wheel test and specimens of same cross section 

and 50 mm length for metallography and indentation. In additional five cylindrical samples of 25 mm diameter 

and 6 mm height were used per every set of parameter to evaluate adhesion or cohesion strength. 

3. SPRAYING PARAMETERS AND SETUP 

Spraying parameter for atmospheric plasma torches includes primary and secondary plasma gas flow rates 

and input electrical current. Plasma gas flowrate and composition in combination with input electrical current 

determinate the formation of plasma jet - the final velocity of jet and its temperature. This plasma jet formation 

is also influenced by the diameter of torch nozzle as well as the overall construction of plasma torch. For this 

particular spraying, cascaded plasma troch SinplexPro from Oerlikon Metco with 9 mm nozzle diameter was 

used. Plasma gas was mixture of argon as primary gas and hydrogen as secondary gas. Other spraying 

parameters directly influencing spraying process and consequently final properties of the coating are spraying 

distance (i. e. distance between torch nozzle and substrate material), powder mass flow and carrier gas flow 

rate. All parameter listed above determinate velocity and temperature (or state of melting) of powder particles. 

Kinetic and thermal energy of particles in combination witch substrate temperature and heat transfer rate have 

major effect on the formation of splat morphology and crystallization of the coating.  

It was decided to simplify this optimization as much as possible in order to get reasonable results and not to 

spend excessive amount of time and resources. Knowledges from previously sprayed ceramic materials with 

same torch were utilized as well as recommendations from manufacturer of troch and powder (Oerlikon Metco 

for both). Constant spraying distance of 105 mm was used, as well as constant powder mass flow of 76 g/min. 

Argon served as a carrier gas, with optimized flow rate set for this particular spraying setup. Flow rate of 

hydrogen as secondary plasma gas was also set constant to 5 l/min. Argon flow rate as primary plasma gas 

and input electrical current was chosen as the only two variable parameters. This is because these two are 

proved to have principal influence on the formation of plasma jet and thus influencing final functional properties 

of ceramic materials, where heat energy amount and transfer during spraying process plays a significant role. 
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And as stated above, plasma gas flow rate and input electrical current are most important factors influencing 

velocity and temperature of plasma jet.  

Input electrical current was varied on 5 levels: 450 A, 520 A, 530 A, 593 A and 600 A. Argon flow rate was 

chosen on to levels: 40 l/min and 50 l/min. Those variable parameters create two dimensional matrix 5x2 as 

seen below in Table 1. This matrix provides totally 10 possible combination of spraying parameters. To reduce 

final number of variable spraying parameter sets and especially to avoid possible duplication of parameters 

with respect to final kinetic and heat conditions, critical plasma spraying parameter (CPSP) was utilized [3]. 

This parameter allows rough estimation of proportion between kinetic energy and heat flux in the plasma jet 

(see equation (1) below [3]). 

cd�d � J ef�g
hi jS ekl/mg              (1) 

where: 

CPSP - critical plasma spraying parameter (kW/slpm) 

P - indicated power input (kW) 

V̇Ar - argon flow rate (slpm) 

Table 1 Optimization matrix of variable spraying parameters (each cell  

contains number of given set and CPSP value in italics) 

Input electrical current (A) 
Primary argon flow rate (l/min) 

40 50 

450 
N.1 

CPSP 1.01 
  

520 
N.2 

CPSP 1.18 
  

530   
N.4 

CPSP 1.02 

593 
N.3 

CPSP 1.38 
  

600   
N.5  

CPSP 1.17 

Totally 5 sets of variable spraying parameters were chosen taking three different levels of CPSP value into 

account. CPSP value starting just about 1.01 for the lowest level (parameter sets N.1 and N.4), raising 

over 1.18 for the second level (parameter sets N.2 and N.5) and ending up to value of 1.38 as the highest 

value (parameter set N.3).  

4. TESTING METHODS 

Specimens from all spraying sets underwent optical metallography on polished cross section of the coating. 

Superficial Rockwell indentation HR15N (120° diamond cone, load force 147.1 N) according to ISO 6508-1 

was carried out on the fine ground surface of the coated specimen of every set (10 indents each). Abrasive 

resistance to dry sand was tested according to ASTM G-65 standard (Dry sand rubber wheel test) on three 

samples from every set. Standard test method for adhesion or cohesion strength of thermal spray coatings 

according to ASTM C633 - 13(2017) were performed on five samples of 25 mm diameter from each set. 
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5. RESULTS 

Results of HR15N indentation with approximate conversion to HRC (conversion according to ASTM E140) as 

well as slope of abrasive line of cumulative mass loss from Dry Sand Rubber Wheel Test are shown in Table 2 
with correlation to variable spraying parameters (input current, argon flow rate and CPSP). Highest superficial 

hardness displayed samples of N.3 (CPSP 1.02) and N.5 (CPSP 1.17) parameter sets with HRC valuing up to 

61. Of these two sets, the latter also performed best in dry sand abrasion testing with the lowest slope of 

abrasive line (Figure 1) and had by far highest adhesive strength of all sets with average adhesive strength of 

44 MPa. No significant differences in microstructure between individual samples were observed (Figure 2). 

Like in most atmospheric plasma sprayed ceramic materials, micro cracks and relatively significant porosity is 

presented in the coatings. 

Table 2 Results of superficial Rockwell indentation (HR15N), approximate conversion of HR15N to HRC and  

slope of abrasive line of cumulative mass loss (the lower the more resistant to dry sand abrasion)  

Parameter 
set 

Input 
electrical 
current 

[A] 

Argon 
flow 

[l/min] 

CPSP 
[kW/(sl·min-1)] 

HR15N 
approx.  

HRC 

slope of 
abrasive line of 

cumulative 
mass loss 

Adhesive 
strength [MPa] 

N.1 450 40 1.01 89.3 ± 0.7 58-59 0.369 28.7 ± 0.3 

N.2 520 40 1.18 86.2 ± 2.7 50-53 0.438 31.9 ± 6.8 

N.3 530 40 1.02 90.4 ± 1.6 60-61 0.401 29.1 ± 8.0 

N.4 593 50 1.38 89.1 ± 1.6 57-58 0.348 30.2 ± 3.4 

N.5 600 50 1.17 90.1 ± 1.8 59-61 0.286 44 ± 7.0 

 

Figure 1 Dependance of cumulative mass loss on abrassive track (Dry Sand Rubber Wheel testing) 
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Figure 2 Optical images of Cr2O3 coatings cross sections (200x), steel substrate below (light grey):  

a) N.1 b) N.2 c) N.3 d) N.4 e) N.5 

6. CONCLUSION 

Five different spraying parameters variating argon flow as primary plasma gas and input electrical current were 

used to spray Cr2O3 coating on low carbon steel samples. As the main parameter in choosing argon flow rate 
and input electrical current, CPSP or critical plasma spraying parameter were utilized. From five sprayed sets, 
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three different levels of CPSP were used: values about 1.01, 1.18 and 1.38. A relative large variation in 

superficial hardness was observed with HRC valuing from only around 50-53 on N.2 sample, sprayed with 

medium level of 1.18 CPSP, up to 61 HRC on samples N.3 (CPSP 1.02) and N.5. Resistance to dry sand 

abrasion also showed no correlation with CPSP values, with the N.5 sample performing best of all. N.3 sample, 

having same hardness as N.5, performed approximately 40 % worse than N.5 in abrasion test. So, no 

significant correlation between hardness and abrasion resistance can be observed. Possible explanation of 

best abrasion resistance in N.5 specimens is better cohesion between individual splats, leading to less inter 

splat chipping and thus losing less weight during abrasion testing. This hypothesis can be supported by 

adhesion test results of N.5 samples (having 44 MPa, circa 40 % more than other samples), presuming 

positive correlation between adhesion strength of coating to substrate and coating cohesion. If relative high 

porosity of plasma sprayed ceramic coatings is considered, it is probable that cohesion between individual 

splats plays the most significant role in wear behaviour as well as in abrasion resistance. The main goal in 

designing process parameters for achieving wear and abrasion resistant plasma sprayed ceramic coatings 

could be not only gaining right phase composition of hard phases, but also obtaining coating with high inter 

splat cohesion.  
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Abstract 

The quality and friction properties of sliding surfaces in industrial bearing are fundamental to their performance. 

Tin-based coatings applied by centrifugal and static casting are commonly used for bearing lining. Due to 

limitations of this technology, alternatives for applying the tin-based lining are sought. This study focuses on 

one possible alternative to applying tin-based coatings - laser cladding. The influence of laser cladding 

processing parameters on the properties and applicability of tin-based coating is analyzed. The goal of the 

process optimization is to achieve high productivity with the well-bonded coating without defects. The 

microstructural of cladded coating as well as the adhesion properties and presented and discussed. The 

processing parameters which lead to coatings fulfilling manufacturer requirements are selected. 

Keywords: Laser cladding, bearings, tin alloys, coatings 

1. INTRODUCTION 

For the lining of sliding surfaces of hydrodynamic bearings, a tin-based alloys are usually used. The key 

criterium for the functional lining is to be applied without unwanted particles, which have a higher hardness 

than the applied composition. These unwanted particles could damage the shaft, the entire bearing, and the 

system. Furthermore, sufficient adhesion strength is required at the interface of the base material of the bearing 

and the liner. The usual method of tin-based lining applications is centrifugal and static casting with these 

methods, the adhesion of the coating is given by the diffusion of tin into the steel base. 

The still growing demands for a higher quality of the lining, sufficient adhesion strength, economic and 

environmental requirements leads to test new methods for lining applications. The possible methods for 

applying the tin-based coating is for example thermals spraying [1].  

Laser cladding is a modern technology capable of producing homogeneous coatings without structural defects 

and thickness limitations. At the same time, it makes it possible to achieve a strong, metallurgical bond between 

the coating and the substrate. On the other hand, in the case of laser cladding, it is necessary to take into 

account the formation of a heat affected area to a certain depth below the surface, significant internal stresses 

and related deformations of the part, although compared to other welding technologies, more precise control 

of energy input [2]. Laser cladding is usually used for producing coating with materials such as Fe, Co, and Ni 

[3-5] based alloys or Metal matrix composite - hard carbides in Co or Ni-base matrix [6-8]. Nevertheless, it can 

be possibly used to produce coating other materials, such as Tin-based alloy. In this case, the significant 

difference in the melting point of coating and material can cause significant problems. However, it can still be 

achievable as documented by [9]. 

The aim of the development activities is to test laser cladding as an alternative technology for applying tin-

based compositions, which will meet the requirements for heavily loaded bearings. The process parameters 
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are optimized to achieve high production speed and productivity. The key criterion is the adhesion of cladded 

coatings to the substrate as well as the final composition and quality of produced coatings. 

2. EXPERIMENTAL PROCEDURE 

Laser cladding was realized by the Solid state laser Trumpf TruDisk 8002 with Precitec coaxial 4-way cladding 

head YC52. The powder used for the cladding was BABTEC 29240 by Castoline with chemical composition 

Sn7,5Sb3,5Cu, the particle size distribution is 45 - 125 µm. The carbon steel S235JR was used as a substrate. 

Starting parameters for laser cladding were based on previous experiments witch Tin-based composition. The 

experiment was designed to highly increase the process speed while maintaining an efficient layer thickness. 

The test parameters were: Process speed S = 100 - 200 cm/min; Laser Power P = 200 - 3000 W; powder feed 

rate F = 15 - 34 g/min; laser spot diameter was 3.4 mm; argon was used as a transporting and shielding gas. 

Individual beads were cladded as well as one- and two-layer coating from selected parameters. Finally, two 

sets of parameters were chosen and from both variants a sample with dimensions 150 · 100 mm was cladded. 

The final parameters were as follows: 

1) 2 layer coating, S = 100 cm/min, P = 1800/1600 W (for the first/subsequent layer), 

2) 3-layer coating, S = 200 cm/min, P = 2400/2200 W, (for the first/subsequent layer). 

The microstructures were evaluated on the coating’s cross sections, prepared by the standard metallographic 

procedure using a 3D optical microscope HIROX KH7000 and further using electron microscopy on an EVO 

MA25 from Zeiss, with an EDS detector SDD X Max 20 from Oxford Instruments. The adhesion of the coating 

was evaluated by a tensile test at room temperature according to DIN ISO 4386-2. Six samples for each variant 

of the coating was prepared and tested, the sample for the tensile test is shown in Figure 1. 

  

Figure 1 Prepared sample for the tensile test (left), sample after test with torn out coating. 

3. RESULTS AND DISCUSSIONS 

The microstructure of the laser cladded Sn-based coating cladded with process parameters selection 1 is 

depicted in Figure 2. The overall structure is depicted in Figure 2a from an optical microscope (OM) without 

etching. The coating homogeneous without any significant porosity or any structural imperfections. The 

interface of the coating with base materials is not clear on OM. The layers of the coating are ideally connected, 

the interface between these layers is not detectable. Figure 2b is from OM of the sample after etching. The 

inner structure of the coating is more pronounced, the distribution mixture of individual phases is clearly visible. 

The individual phases create small fractions which are distributed very homogenously in the structure. 

Figure 2c shows detail of the coating-substrate interface from SEM (Scanning electron microscopy), it can be 

seen that the interface is created by a thin layer of a mixture of both materials. This layer ensures adhesion of 

the coating to a base material. The interface is without any pores, impurities, or any other imperfections. The 

details of the inner structure from SEM with the BSE (Backscattered-Electron) detector are depicted in  

Figure 2d, it shows the details of phase fractions. 
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Figure 2 Microstructure of laser cladded coating variant 1 

a) OM, b) OM of the etched sample, c) SEM, detail of interface, d) SEM, BSE detail of the inner structure. 

Figure 3 shows the locations of EDX (Energy-dispersive X-ray spectroscopy) analysis on the coating of variant 

1. The content of the elements Sn, Sb, Cu, and Sn in given locations is presented in Table 1, as well as the 

corresponding phase delivered from Sb-Sn binary diagram [10]. The majority of coating consists of the αSn 

phase (light gray) with evenly distributed precipitated Sb2Sn3 (dark). Rarely there are areas of the β phase 

(darker grey). The content of Fe in the coating is minimal due to the very low dilution of the coating to the 

substrate. 

 
Figure 3 Location of EDX analysis, 1-4 β phase, 5-7 αSn,  8-10 Sb2Sn3. 
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Table 1 The weight percentage of individual elements from EDX analysis 

Location Sn Sb Cu Fe Phase 

1 60.3 2.1 34.1 1.4 

β 
2 58.2 2.4 34.0 2.2 

3 61.2 2.9 35.4 0.5 

4 59.7 2.6 34.6 0.6 

5 90.5 7.7 0.3 0.0 

αSn 6 92.8 6.1 0.4 0.2 

7 92.5 5.0 1.1 0.0 

8 77.2 16.2 5.0 0.2 

Sb2Sn3 9 80.1 16.4 1.9 0.3 

10 80.8 18.0 0.0 0.0 

The detailed EDX analysis of interface coating-substrate is depicted in Figure 4 for the coating cladded with 

parameters variant 1 and Figure 5 for variant 2. Both pictures show the dependence of the element content in 

dependence on the distance from the interface. As well as the actual picture from the interface. The dilution of 

the coating to the substrate is minimal, the interface layer with a mixture of materials is several micrometers 

thin. 

 

Figure 4 The EDX analysis of interface for the coating cladded with parameters variant 1 

 

Figure 5 The EDX analysis of interface for the coating cladded with parameters variant 2 
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Table 2 Results of the tensile test according to norm DIN ISO 4386-2 

Sample A [mm2] Fmax [N] Rch [MPa ] Sample A [mm2] Fmax [N] Rch [MPa ] 

1.1 200 10 010 50.05 2.1 200 8 900 44.50 

1.2 200 11 160 55.80 2.2 200 8 621 43.11 

1.3 200 9 883 49.42 2.3 200 8 152 40.76 

1.4 200 9 674 48.37 2.4 200 7 579 37.90 

1.5 200 9 375 46.88 2.5 200 8 304 41.52 

1.6 200 8 590 42.95 2.6 200 7 886 39.43 
  

Average 48.91 
  

Average 41.20 

The results from the tensile test (DIN ISO 4386-2) are summarized in Table 2. According to this norm, the Rch 

should be minimally 0,6·Rm of the tested material. The required Rch, in this case, is 46.2 MPa. The coating 

cladded with parameters variant 1 fulfill the minimal adhesion, the measured adhesion of the coating cladded 

with variant 2 is slightly lower. It has to be noted, that both coatings do not meet the required thickness for this 

test given by norm and this is 3.9 mm. The thickness of the coatings was 3,4 mm for the variant 1 and 3 mm 

for the variant 2 respectively. The insufficient thickness could negatively influence the results of the tensile 

test. Nevertheless, the adhesion of the coatings is very good, slightly lower in the case of the coating cladded 

with higher speed. The lower adhesion in this case is given by higher process speed during laser cladding. 

4. CONCLUSION 

Laser cladding of tin-based coating was presented as an alternative process to centrifugal and static casting 

for applying inner lining in an industrial bearing. The goal of the experimental work was to achieve high 

productivity and obtain sufficient thickness of the coating while producing coatings without inner structural 

errors and with high adhesion to the substrate. Two variants of the coating cladded with different process 

speeds were tested. Both coatings exhibit a very similar inner structure, without pores or any structural 

imperfections and with a thin bonding layer with the substrate. The bonding strength tested by the tensile test 

was sufficient for the coating cladded with lover process speed. However, both coating does not have sufficient 

thickens demanded for the tensile test and for required applications. Adding more layers cladded with the 

same selection of the process parameters for achieving thicker coating is not time efficient. Therefore, 

additional experiments are in process to optimize the parameters of the laser cladding of the tin-based coating 

to be more efficient and applicable in industrial applications. 
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Abstract 

For wear demanding applications, the metal matrix composites (MMC) are often used due to their high wear 

resistance, and the tungsten carbide is often used as hard reinforcing particles. Nevertheless, there are still 

some limits of WC, mainly its deterioration due to heat load during laser cladding. Therefore, there is an effort 

to develop a new type of reinforcing particles with superior properties to WC. This study focuses on analyzing 

microstructure and mechanical properties of laser cladded Ni-based coating reinforced with a new (TiW)C1-x 

carbide and compare it with the usual one with WC. In the new (TiW)C1-x based coating a higher amount of 

carbide particles remain undissolved thus providing with higher hardness and improved wear resistance. 

Keywords: Laser cladding, wear resistance, MMC coatings 

1. INTRODUCTION 

One of the best coatings for application requiring high hardness and wear resistance are materials combining 

tough matrix and hard reinforcing carbide particles, the MMC (metal matrix composites). And laser cladding is 

a possible technology to apply these coatings [1]. The commonly used coating is tungsten carbide (WC) in Ni-

based alloy. The properties of this coating as well as the influence of laser cladding parameters or the amount 

or shape of used carbides have already been documented in the literature [2-6]. Nevertheless, there are still 

limits of this material because WC can be negatively affected by extensive degradation during the laser 

cladding process and has inferior thermodynamic stability compared to many other carbides [7]. New types of 

carbides and MMC coatings are being developed to overcome the limitations associated with tungsten carbide-

based coatings [7]. The goal of this work is the analysis of the microstructure and mechanical properties of the 

experimental coating based on (TiW)C1-x carbides. The results are compared with the properties of WC-based 

laser cladded by similar conditions and analyzed in our previous study [8]. 

2. EXPERIMENTAL PROCEDURE 

The new experimental powder from the Oerlikon Metco company composed of 60 wt% of angularly shaped 

(TiW)C1-x carbides blended with gas atomized NiCrBSi (8.0Cr3.5Si1.6B0.3C Ni bal.) particles were used. For 

the WC based coating, the powder designated as MetcoClad 52052 was used, this powder is composed of 

60 wt% of WC spherical particles blended with 40 wt% of the NiCrBSi. The WC was manufactured in a unique 

way, resulting in a non-acicular shape with higher hardness than conventional fused and crushed WC [9]. The 

density of (TiW)C1-x carbide is 10.1 g/cm3, lower than the density of WC which is 15.63 g/cm3 [7]. This means, 

that the volume percent-age of carbides in the new powder is higher than in MetcoClad 52052. Laser cladding 

was executed using the solid-state laser Trumpf TruDisk 8002 with Precitec coaxial 4-way cladding head 

YC52. Two variants of the coating from the experimental powder were selected for this study - one with high 

heat input and one with low heat input. The laser cladding process parameters were chosen as follows: powder 
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feed rate F = 540 mg/s, process speed S = 8.3 mm/s and laser power for variant 1 P = 2400 W and for variant 2 

P = 1400 W. The overlapping ratio was 50% of the single bead width. For the WC based coating - a more 

detailed study on influence on process parameters was presented in a previous study [8], in this study only the 

results for comparison are presented. The coatings were deposited onto plates of carbon steel 

(EN10083 2:C45) with dimensions 100 × 100 × 20 mm to ensure sufficient heat dissipation. Substrates were 

pre-heated to 350 °C prior to deposition to avoid cracking of the coating due to the high thermal gradient. After 

the deposition, the samples were left to cool down at room temperature. The microstructure was evaluated on 

the coatings´ cross-sections (ground and polished by automatic Leco grinding and polishing equipment) using 

optical microscope Nikon Epiphot 200 and Scanning electron microscope EVO MA25, Zeiss, (with LaB6 

thermal filament). The thickness of the coating was measured on the cross-section and was averaged at least 

10 measurements. The microhardness HV0.1 was evaluated on the coating the cross-section perpendicularly 

and longitudinally to cladding direction. The matrix of indents’ locations (5 x 10) was designed to cover the 

area of the two overlapping tracks. The abrasive wear resistance was evaluated by the Dry Sand Rubber 

Wheel Test, in accordance with ASTM G-65. Test parameters were as follows: 22 N Load; Al2O3 abrasive 

media (F70: 200-300 µm grain size); AG 29 rubber counterpart; 718 m total abrasive distance. The surface of 

the coatings was left in the as-clad state, not to exclude the upper coatings layers from the evaluation. The 

samples were weighed after each 143 m. Using the 11.236 g/cm3 specific density, determined by Archimedes' 

low method, the cumulative volume loss [mm3] was calculated. The wear coefficient K [mm3/Nm] was averaged 

from two independent measurements. 

3. RESULTS AND DISCUSSION 

The Microstructure of coatings containing new (TiW)C1-x carbides is presented in Figures 1 and 2. Figure 1 
shows the coating cladded with process parameters variant 1, the overall cross-section in longitudinaly to the 
direction of the cladding is in Figure 1a and perpendicularly to the direction of cladding - across the individual 
cladding bead in Figure 1b. It can be seen that near the surface, near the interface with the substrate and in 
the overlap of clad beads, there is the majority of undissolved carbide particles. These locations exhibit higher 
cooling rates and therefore the carbides remain undissolved. The details of the interface are in Figure 1c and 
the surface area is in Figure 1d. Figures 1e and 1f show details in the middle of the coating - where the 
carbides are dissolved in the matrix. This variant of the coating is without significant porosity or other structural 
imperfections. The dilution of the coating material o the coating is sufficient but there is not undesirably 
increased mixture of substrate material to the coating. 

The microstructure of the coating cladded with process parameters variant 2 is presented in Figures 2 a-f, 
with the same order as the previous one. It can be seen that this variant of the coating contains many voids 

and pores with dimensions up to 500 μm, mainly near the substrate. This is due to significantly lower heat 

input, and therefore insufficient melting of powder and substrate material. It would affect the adhesion of the 

coating slightly, but on the majority of the interface there is a sufficient mixture of both materials and the 

adhesion should be good. The adhesion of the coating was not measured for this study. Contrary, this coating 
contains significantly more undissolved carbide particles than the variant 1 which will positively affect the 

hardness of the coating and wear performance as the undissolved carbides have significantly higher hardness 

than the matrix, as noted in the previous chapter. 

Figure 3 represents the coating based on WC carbides. It can be seen that the majority of the carbides is 

dissolved in the matrix. Few undissolved carbide particles remain near the surface, interface with the substrate, 

and overlap of beads. But it is significantly less than in the case of coating based on new carbides, even if the 

cladding conditions were similar. The WC carbides are more prone to dissolution than the (TiW)C1-x carbides. 

More, the WC carbides have higher specific density, and because the powders contain the same weight 

percentage of carbide, the WC coating contains less volume percentage of carbides. Also, WC carbides have 

lower micro-hardness than the new (TiW)C1-x carbides [8]. These factors significantly affect the wear behavior 

of WC based coting, which is mainly discussed in the previous study [8]. 
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Figure 1 The microstructure of (TiW)C1-x coating variant 1: a) longitudinal cross-section, b) transverse cross-

section, c) detail of interface with the substrate, d) detail of coating surface, e, f) details of diluted carbides 

 

Figure 2 The microstructure of (TiW)C1-x coating variant 1: a) longitudinal cross-section, b) transverse cross-

section, c) detail of interface with the substrate, d) detail of coating surface, e) inner structure, f) detail of 

pores 
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Figure 3 The microstructure of WC coating: a) transverse cross section, b, c, d) details of inner structure and 

dissolved carbides 

 

Figure 4 The average micro-hardness HV0.1 in dependence on distance from the coating surface 

The microhardness measurement is presented in Figure 4, the indentations are performed in the matrix with 

dissolved carbides. The hardness measurement of undissolved carbide particles is out of range of used 

method and it is not part of this study. However, the presented micro harness measurement HV0,1 represents 

the toughening of the matrix by carbide dissolution. Therefore, the higher average hardness is measured for 

the coating variant 1, especially in the middle of the coating. In the coating 2, the majority of the carbides 

remain undissolved therefore the matrix exhibits lower hardness but it remains tougher. The tough matrix with 

the majority of undissolved hard particles is a desirable microstructure. 

The Figure 5 represents shows the abrasion wear test results. The surface of the coating shows some marks 

of abrasion wear tracks, but the corresponding cross-sections show utterly minimal wear degradation of the 

coating material.  
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Figure 5 The abrasion test wear tracks, a, b) the coating variant 1 surface (a) cross-section (b); 

the coating variant 2 surface (c), cross-section (d) 

4. CONCLUSION 

The study shows microstructure, microhardness, and wear resistance test of laser cladded coating based on 

new experimental powder containing the (TiW)C1-x carbides. Two variants of the coating were cladded, with 

high and low heat input. The coating cladded with higher heat input does not contain any structural 

imperfections, but the carbides in the coating remain undissolved only near-surface and interface with the 

substrate, In the middle of the coating the carbides are dissolved in the matrix. Contrary, coating cladded with 

low heat input contains undissolved particles in the whole coating, but especially near the interface, there is 

high amount of pores due to lack of fusion with the substrate. The desired structure of the coating would be 

somewhere between these two variants, maintaining the majority of carbides undissolved but achieve 

homogenous coating without pores.  

ACKNOWLEDGEMENTS   

The research outcome was developed within project SGS-2019-008. 

REFERENCES 

[1] NURMINEN, Janne, NÄKKI, Jonne, VUORISTO, Petri. Microstructure and properties of hard and wear resistant 

MMC coatings deposited by laser cladding. International Journal of Refractory Metals and Hard Materials [online]. 
2009, vol. 27, no. 2, pp. 472-478. ISSN 02634368. Available from: https://doi.org/10.1016/j.ijrmhm.2008.10.008 

[2] LUO, X., LI, J., LI, G. J. Effect of NiCrBSi content on microstructural evolution, cracking susceptibility and wear 
behaviors of laser cladding WC/Ni-NiCrBSi composite coatings. Journal of Alloys and Compounds [online]. 2015, 

vol. 626, pp. 102-111. ISSN 09258388. Available from: https://doi.org/10.1016/j.jallcom.2014.11.161 

[3] FERNÁNDEZ, M. R., GARCÍA, A., CUETOS, J. M., GONZÁLEZ, R., NORIEGA, A., CADENAS, M. Effect of 

actual WC content on the reciprocating wear of a laser cladding NiCrBSi alloy reinforced with WC. Wear [online]. 
2015, vol. 324-325, pp. 80-89. ISSN 00431648. Available from: https://doi.org/10.1016/j.wear.2014.12.021 

[4] VAN ACKER, K., VANHOYWEGHEN, D., PERSOONS, R., VANGRUNDERBEEK, J. Influence of tungsten 
carbide particle size and distribution on the wear resistance of laser clad WC/Ni coatings. Wear [online]. 2005, 

vol. 258 (1-4 SPEC. ISS.), pp. 194-202. ISSN 00431648. Available from: 
https://doi.org/10.1016/j.wear.2004.09.041 

[5] AMADO, J M, TOBAR, M J, ALVAREZ, J C, LAMAS, J, YÁÑEZ, A. Laser cladding of tungsten carbides 
(Spherotene®) hardfacing alloys for the mining and mineral industry. Applied Surface Science [online]. 2009, vol. 

255, no. 10, pp. 5553-5556. Available from: https://doi.org/10.1016/j.apsusc.2008.07.198 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

723 

[6] TOBAR, M. J., ÁLVAREZ, C., AMADO, J. M., RODRÍGUEZ, G. YÁÑEZ, A. Morphology and characterization of 

laser clad composite NiCrBSi-WC coatings on stainless steel. Surface and Coatings Technology [online]. 2006, 
vol. 200 (22-23 SPEC. ISS.), pp. 6313-6317. ISSN 02578972. Available from: 

https://doi.org/10.1016/j.surfcoat.2005.11.093 

[7] FIALA, Petr, HEPP, Rolf, ZIKIN, Arkadi. Alloyed Carbides Beyond WC as a New Material Platform for Solving 

Challenges in Hardfacing. In: ITSC 2017 Proceedings of the Conference in Düsseldorf. Germany, 2017.  

[8] VOSTŘÁK, Marek, HOUDKOVÁ, Šárka, BYSTRIANSKÝ, Martin, ČESÁNEK, Zdeněk. The influence of process 

parameters on structure and abrasive wear resistance of laser clad WC-NiCrBSi coatings. Materials Research 
Express. 2018, vol. 5, no. 9, ISSN 2053-1591. Available from: https://doi.org/10.1088/2053-1591/aad859 

[9] OERLIKON METCO. Material Product Data Sheet Tungsten Carbide - Nickel Alloy Powder Blend for Laser 
Cladding. 2014.  

 
  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

724 

CORROSION RESISTANCE OF ESD COATINGS BEFORE AND AFTER LASER PROCESSING 

1Norbert RADEK, 2Jacek PIETRASZEK, 3Łukasz J. ORMAN 

1Kielce University of Technology, Faculty of Mechatronics and Mechanical Engineering, Kielce, Poland, EU, 

norrad@tu.kielce.pl 

2Cracow University of Technology, Institute of Applied Informatics, Cracow, Poland, EU, 

jacek.pietraszek@mech.pk.edu.pl 

3Kielce University of Technology, Faculty of Environmental, Geomatic and Energy Engineering, Kielce, 

Poland, EU, orman@tu.kielce.pl 

https://doi.org/10.37904/metal.2020.3575 

Abstract 

A number of modern surface processing methods use an energy flux. The examples include electro-spark 

deposition (ESD) and laser processing (LP). Electro-spark deposition is a cheap high-energy process. The 

method was first used in the USSR in the 1940s almost simultaneously with the destructive electrical discharge 

machining. The ESD technique was studied intensively in the 1960s. In the next decade, it was commonly 

applied to deposit hard-melting materials on selected metals and alloys, mainly steel. Polish scientists became 

interested in electro-spark alloying of coatings as early as in the 1980s. Electro-spark deposited coatings have 

some disadvantages but these can be easily eliminated. One of the methods is laser processing; a laser beam 

is used for surface polishing, surface geometry formation, surface sealing or for homogenizing the chemical 

composition of the deposited coatings. The corrosion resistance of C45 steel coated with WC-Cu electro-spark 

technique and the influence of the laser treatment process on the properties of the coatings were examined in 

a chloride environment. The coatings were deposited by means of an EIL-8A. The laser processing was 

performed with an Nd:YAG, BLS 720 system. The studies were conducted using WC-Cu electrodes produced 

by the powder metallurgy route. The potentiodynamic polarization technique was mainly used. Scanning 

electron microscope (SEM) was employed for the observation the surface of materials. The structure of 

coatings was dependent on the composition of electrospark electrodes. It is assumed that the use of laser-

modified electro-spark deposited coatings will increase the applications of using relatively inexpensive 

materials in areas requiring special alloys, for example, sealing technology, precision products or surfaces in 

sliding contact.  

Keywords: ESD coatings, laser processing, corrosion resistance, microstructure, surface topography 

1. INTRODUCTION 

By applying new engineering materials or protective coatings, it is possible to improve the functional properties 

of machine parts so that they are resistant to corrosion, abrasion and erosion, and possess high fatigue 

strength. The new materials, for instance, alloy steels, are usually costly, which is undesirable, because the 

higher the cost of the material, the higher the price of a finished product. However, if an element is to be 

subjected to high loads, then strength rather than cost is a primary factor.  

A number of modern surface processing methods use an energy flux. The examples include electro-spark 

alloying (ESA) and laser beam machining (LBM).  

The processes of coating formation on metal parts including electro-spark deposition involve mass and energy 

transport accompanied by chemical, electrochemical and electrothermal reactions [1]. Today, different electro-
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spark deposition techniques are used; they are suitable for coating formation and surface microgeometry 

formation [2-4]. 

Coatings produced by electro-spark deposition are applied to (a) to protect new elements or to (b) to recover 

the properties of worn elements. The electro-spark deposition coating is characterized by a non-etching 

structure. The surface layer is constituted in environment of local high temperature and high pressure. Electro-

machining is characterized by [5]: 

 shock wave pressure coming from electric spark is (2 - 7)·103 GPa, 

 temperature reaching (5 - 40)·103 ºC. 

As electro-spark coatings are reported to be resistant to wear and corrosion, they can be applied to e.g. ship 

propeller components, casting moulds, fuel supply system components or exhaust system components. 

Electro-spark deposited coatings have some disadvantages but these can be easily eliminated.  One of the 

methods is laser beam machining; a laser beam is used for surface polishing, surface geometry formation, 

surface sealing or for homogenizing the chemical composition of the deposited coatings [6-8]. 

The work discusses the properties of electro-spark deposited WC-Cu coatings subjected to laser treatment. 

The properties were established basing on the results of a microstructure analysis, corrosion resistance tests 

and surface geometric structure measurements. In addition to similar issues (e.g. [9]), the results obtained 

may be of interest to other materials science researchers e.g. steel treatment [10], light alloys [11,12] or 

conductivity modifications [13]. It can also be inspiring to improve and develop theoretical methods, in the field 

of stress analysis in a modified surface layer [14] and also image analysis [15-17] of this layer. 

2. MATERIALS AND TREATMENT PARAMETERS 

The working electrode (a stationary) was made from C45 carbon steel. The elemental composition of the steel 
was as follows (wt.%): C: 0.42 - 0.50, Mn: 0.50 - 0.80, Si: 0.10 - 0.40, P: 0.04, S: 0.04.  

An EIL-8A pulse spark generator was used to deposit the coatings on the steel surface. The operating 

parameters of the generator were determined experimentally: 0.7 A, 230 V and 150 µF capacitors. Cylindrical 

electrodes, 5 mm in diameter and 10 mm in height were used. They were produced by means of the impulse-

plasma sintering method in a graphite matrix of tungsten carbide (particle diameter ~0.2 µm) and metallic 

copper (particle diameter ~0.04 µm) nanopowders at a temperature of 950 °C, under a pressure of 40 MPa. 

The nanopowders were mixed in the following proportions: 75 % WC and 25 % Cu, 50 % WC and 50 % Cu, 

25 % WC and 75 % Cu. The following designations were given to the particular electrodes: WC25-Cu75, 

WC50-Cu50 and WC25-Cu75. Then, the coatings were treated with an Nd:YAG laser (impulse mode) model 

BLS 720. The samples with electro-spark deposited coatings were laser-modified using the following 

parameters: spot diameter d = 0.7 mm, power P = 60 W, laser beam velocity v = 250 mm/min, nozzle-workpiece 

distance Δf = 6 mm, pulse duration ti = 0.4 ms, pulse repetition frequency f = 50 Hz, beam shift jump  S = 0.4 

mm, nitrogen gas shield Q = 25 l/min. 

3. EXPERIMENTAL RESULTS AND DISCUSSIONS 

3.1. Microstructure analysis 

A microstructure analysis was conducted for WC-Cu coatings before and after laser treatment using a scanning 

electron microscope Joel JSM-5400.  

Figure 1 shows the microstructure of an ESD WC-Cu coating. It is clear that the thickness of the obtained 

layer varied from 36 to 60 µm, whereas the heat affected zone (HAZ) ranged from 20 to 30 µm into the 

substrate. Figure 1 also reveals a clear boundary between the coating and the substrate and pores within the 
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coating. The ESD WC-Cu coatings were modified by the laser treatment, which caused changes in their 

composition. The laser treatment homogenizes the coating chemical composition, causes structure 

refinement, and crystallization of non-equilibrium phases due to the occurrence of temperature gradients and 

high cooling rates. 

  

Figure 1 WC50-Cu50 coating microstructure  

after electro-spark alloying 

Figure 2 Microstructure of the electro-spark 

alloying WC50-Cu50 coating after treatment  

with an Nd:YAG laser 

The laser-modified outer layer does not possess microcracks or pores (Figure 2). There is no discontinuity of 

the coating-substrate boundary. The thickness of the laser-treated WC-Cu coatings ranges from 40 to 62 µm. 

Moreover, the heat affected zone (HAZ) is in the range of 25 to 35 µm, and the content of carbon in the zone 

is higher. 

3.2. Corrosion resistance tests 

Polarization measurements were made using a potentiostat/galvanostat PGSTAT 128N (AutoLab) equipment 

to investigate the influence of the composition of the coating (WC-Cu) on the electrochemical corrosion of C45 

steel. The polarization curves were recorded in a 1 M Cl- acid solution. The following reagents were used to 

make the solutions: FLUKA analytical grade sodium chloride (NaCl) and POCH analytical grade hydrochloric 

acid (HCl). Water, which was distilled three times, was used as a solvent. The corrosive environment 

(supporting electrolyte) was obtained by mixing the sodium chloride (0.8 M) and hydrochloric acid (0.2 M), so 

the concentration of Cl- ions was 1 M and the pH was 1.5. Measurements were carried out under a potential 

range between -800 and -50 mV whereas the potential change rate was 1 mV s-1. Polarization curves were 

used to designate the corrosion potential (Ecorr) and corrosion current density (jcorr).  

The polarization curves for C45 steel, coated by means of ESD using tungsten carbide (WC) and copper (Cu) 

mixed in various proportions are shown in Figure 3. 

Polarization curves were used to determine the various parameters of steel corrosion, which have been 

summarized in Table 1. As the copper content in the nanopowder mixture used in the deposition of WC-Cu 

coatings onto the surface of steel increased, the corrosion potential shifted slightly (ca. 20 mV) towards positive 

values, while the corrosion current density decreased. Consequently, in the case of the WC25-Cu75 coating, 

the corrosion rate is approximately three times slower as compared to steel, which has not been coated with 

WC-Cu at all. An addition of copper to the nanopowder mixture clearly increases the corrosion resistance of 

steel. It seems that copper improves the tightness of the tungsten carbide layer, making it difficult for the 

aggressive chloride solution to contact the steel surface. 

Figure 4 shows the Tafel plots for the WC50-Cu50 coating on the C45 steel surface prior to (a) and after the 

laser treatment (b). Potentiodynamic polarization curves were used to determine selected corrosion 

parameters, which have been summarized in Table 1.  
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Figure 3 Polarization curves for C45 steel. Solution containing 1 M Cl-. Electrode surface: (a) absence of 

coating, (b) WC75-Cu25, (c) WC50-Cu50, and (d) WC25-Cu75, dE/dt 1 mV s-1 

Table 1 Corrosion parameters and corrosion rate of C45 steel in absence and presence of WC-Cu coating  

   in a solution containing 1M Cl- 

Material Ecorr (mV) jcorr (mA.cm-2) kcorr (mm/year) 

Absence -480 1.10 12.8 

WC75-Cu25 -487 0.80 9.3 

WC50-Cu50 -451 0.53 6.1 

WC25-Cu75 -459 0.40 4.6 

WC75-Cu25+laser -360 0.23 5.8 

WC50-Cu50+laser -402 0.17 3.7 

WC25-Cu75+laser -410 0.15 1.4 

 

Figure 4 Tafel plots for the C45 carbon steel in 1 M Cl-.The WC50-Cu50 coating: (a) before,  

(b) after laser treatment 
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The obtained results indicate that in the case of the laser treated coating the corrosion potential was shifted 

by about 50 mV whereas the corrosion current density was decreased be a factor of three compared to the 

untreated coating. It implies that the corrosion resistance of WC-Cu coatings on steel has been markedly 

improved by the laser treatment (Table 1). This can be attributed mainly to the improvement of the WC-Cu 

condition after laser irradiation. 

As a result of the laser treatment different oxides and fine grains form on the surface of coating, which leads 

to different corrosion characteristics. The compact oxide layer provides an effective barrier to protect the 

coating on the carbon steel against corrosion in an aggressive environment of chlorides. 

3.3. Measurements of the surface geometric structure 

Surface geometric structure (SGS) of the WC-Cu coatings was measured at the Laboratory for Measurement 

of Geometric Quantities of the Kielce University of Technology using a TALYSURF CCI equipment. Three-

dimensional surfaces and their analysis using the software TalyMap Platinium allowed to thoroughly know the 

geometric structure of the surface tested. Figure 5 presents an example three-dimensional surface topography 

measurement of the WC50-Cu50 coatings after and before laser treatment. 

  

Figure 5 Specimen surface topography: a) before laser treatment, b) after laser treatment 

A greater value of the mean arithmetic deviation of surface roughness Sa = 3.98 µm, a basic amplitude 

parameter in the quantitative assessment of the state of the surface under analysis, was recorded for the 

specimen after the laser treatment, for the specimen before the laser treatment the value of this parameter 

was be almost 5 % higher. Laser processing caused a slight decrease in the Sa = 3.80 µm parameter, which 

is very beneficial for surface quality. 

A similar tendency is observed for the root mean square deviation of surface roughness Sq. Complementary 

information on how the surface of examined elements is shaped is provided by amplitude parameters, namely 

the coefficient of skewness (asymmetry) Sku and the coefficient of concentration (kurtosis) Ssk. Those 

parameters are sensitive to occurrence of local hills or valleys, and also defects on the surface. The parameter 

Ssk has a positive value for both specimens, the value is close to zero for the specimen before treatment, 

which indicates the symmetrical location of the distribution of ordinates with respect to the mean plane. The 

values of kurtosis that were obtained are close to Sku = 3, which indicates that the distribution of ordinates for 

both specimens is close to normal distribution. 

4. CONCLUSIONS 

Finally, it can be concluded that:  

 A concentrated laser beam can be effective in modifying the state of the outer layer of electro-spark 

coatings and thus can modify their functional properties; 

 Laser irradiation of coatings resulted in the healing of micro-cracks and pores; 
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 Parameters of surface geometric structure of electro-spark coatings have lower values when compared 

with SGS parameters of coatings after laser treatment; 

 Laser radiation causes an improvement in the functional properties of the electro-spark deposited WC-

Cu coating, i.e. they exhibit higher resistance to corrosion; 

 Coatings of that type can be applied to sliding friction pairs and can operate as protective coatings. 
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Abstract 

High sensitivity of lead to organic compounds leads to degradation of lead artifacts stored in the museums or 

archives together with organic materials (wood, glue, leather, paper, plastic, etc.). Protection of the lead stored 

under adverse conditions (environment polluted by organic compound, mainly acetic acid) is based on the use 

of corrosion inhibitors. The aim of this work was to test compounds with high tendency to sublime under 

atmospheric conditions and good ability to form a protective polymeric layer on the lead surface. The effect of 

volatile corrosion inhibitors mentioned in the literature (benzotriazole, cyclohexylamine carbonate, 

dicyclohexylamine nitrite, urotropine and sodium benzoate) was tested directly by weight loss measurement 

and by the resistometric method in humid atmosphere with various acetic acid vapour concentrations. The 

damage of lead was characterized by X-ray diffraction analysis and scanning electron microscopy. The 

greatest inhibition efficiency in all corrosive atmospheres and for non-treated and corroded lead samples was 

achieved by cyclohexylamine carbonate. 

Keywords: Volatile corrosion inhibitors, lead corrosion, conservation 

1. INTRODUCTION 

One of the several possibilities how to prevent corrosion is application of volatile corrosion inhibitors (VCIs). 

This kind of temporary protection is prospectively efficient for metals under inappropriate conditions of storage 

or transport [1-5], for example museum and archive storage cabinets with atmosphere polluted with volatile 

organic compounds (VOCs) [6]. VOCs are produced during the degradation process of organic materials 

(wood, glues, colours, etc.) stored in the cabinets [1,6-9]. The concentration of emitted organic acids 

(especially acetic acid) inside museum storage cabinets are at levels less than 500 ppb [10]. Acetic acid 

vapours accelerate atmospheric corrosion of lead, the material of important cultural heritage artifacts usually 

stored in museum storage cabinets even at low concentration (0.1 - 1 ppm) [11]. Due to the corrosion process 

of lead the surface details of artifacts may get los tor the artifacts can eventually disintegrate completely [6]. 

VCI compounds are able to vaporize (e.g. vapour pressure of benzotriazole and sodium benzoate is 0.09 Pa 

and 4.9 x 107 Pa, respectively [5]) into the cabinet environment and then adsorb on the metal surface. VCI 

compounds form a thin protective monomolecular barrier film over the metal surface [1-5]. Sodium benzoate, 

cyclohexylamine carbonate and dicyclohexylamine nitrite are usually used as corrosion inhibitors for lead in 

atmospheric conditions. Whereas benzotriazole (BTA) or amines are usually used as corrosion inhibitors for 

lead in organic acids conditions [12]. In this paper, corrosion inhibitors which have been carried out on inhibitor 

coatings in previous research work [13] are examined. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

731 

2. EXPERIMENTAL PART 

2.1. Materials 

BTA (1, 2, 3-benzotriazole, C6H5N3), cyclohexylamine carbonate ((C6H11NH2)2CO2), dicyclohexylamine nitrite 

((C6H11)2NH2NO2), urotropine (Hexamethylenetetramine, C6H12N4) and sodium benzoate (C6H5COONa) were 

used as volatile corrosion inhibitors (VCIs). Corrosive atmosphere was provided by aqueous solutions of acetic 

acid in various concentrations (0.001, 0.01 and 0.1 moll-1). 

In this work, lead samples (99.9 % Pb, 20x20x1 mm) were used with two different surface states: non-treated 

surface was obtained by water grinding of the samples surface with SiC grinding paper up to grit P800, 

subsequent rinsing by distilled water and ethanol; corroded surface (simulating of the original patina on lead) 

was obtained by exposure of the non-treated lead samples into humid acetic acid atmosphere (above 0.01 

moll-1 acetic acid aqueous solution) for 72 hours, subsequent rinsing by distilled water and ethanol. Lead 

resistometric sensors (97 % Pb, 1.5 % Sn, 1.5 % Sb, initial thickness of lead foil was 25 μm) surface state was 

prepared in similar way like the samples with non-treated surface states: sensor surface was dry grinded with 

abrasive wadding (3M Scotch-Brite CF-MF), subsequent rinsing with distilled water and ethanol. 

2.2. Methods 

The weight gain measurement and the resistometric measurement based on ISO 11844-2:2006 were used. 

The resistometric sensors were placed individually into the closed boxes with the volume of 10 litres and 

connected with ACD-03 (AC Corrosion Detector; MetriCorr). In each of the boxes, there was a ventilator, a 

Petri dish with one of the VCIs and a beaker with 100 ml of acetic acid solution. The resistometric measurement 

took place at room temperature and had following procedures: 1. stabilisation of the sensors (2 hours), 2. 

grinding of the sensors with abrasive wadding, 3. exposition of the sensors in the box with VCI and acetic acid 

solution in concentration 0.001 moll-1 (100 hours), 4. exposition of the sensors in the box with VCI and acetic 

acid solution in concentration 0.01 moll-1 (140 hours), 5. exposition of the sensors in the box with VCI and 

acetic acid solution in concentration 0.1 moll-1 (56 hours). The corrosion rate (rcorr) in last 24 hours of exposure 

part was calculated as guideline of dependence corrosion decrease with time linear regression line. The weight 

gain measurement was performed in the closed boxes with volume of 10 litres without ventilator at room 

temperature for twenty-eight days. In each of the boxes there was a Petri dish with one of the VCIs, six lead 

samples (three of the samples with non-treated surface and three of the samples with corroded surface) and 

a beaker with 100 ml of acetic acid solution in different concentration (0.001, 0.01 and 0.1 moll-1). All the 

samples were weighted before and after exposure into the box with VCI and acetic acid environment to obtain 

the weight gain. The corrosion weight gain (rmi) is an average of three values. 

The chemical composition of the surface was analyzed by diffractometer X’Pert PRO (PANanalytical B.V.). 

Samples surface was observed by optical microscope Olympus PME 3 and surface morphology was observed 

by SEM Tescan VEGA 3. 

3. RESULTS AND DISCUSSION 

3.1. Resistometric method 

Figure 1 and Table 1 report on the long-time resistometric measurement of lead with non-treated surface and 

with or without VCI in atmosphere above acetic acid solution at different concentrations (0.001, 0.01 and 

0.1 moll- 1). The sensor without VCI began to corrode rapidly in atmosphere above 0.01 moll-1 acetic acid 

solution. In this atmosphere the sensors with presence of different VCIs (except of dicyclohexylamine nitrite) 

were very resistant. In the atmosphere above 0.1 moll-1 acetic acid solution, only sensors with cyclohexylamine 

carbonate and sodium benzoate presence were resistant. The cumulative consumption of VCIs during the 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

732 

resistometric measurement (mainly in the part of sensors exposition in atmosphere above 0.1 moll- 1 acetic 

acid solution) was 14 g of urotropine, 9 g of cyclohexylamine carbonate, 7 g of sodium benzoate and 0 g of 

BTA and dicyclohexylamine nitrite.  

 

Figure 1 Resistometric measurement of the lead with non-treated surface in atmosphere above acetic acid 

solution in various concentrations, effect of VCI is represented as loss of the lead foil thickness in time 

Table 1 The values of corrosion rate (rcorr) of the lead with non-treated surface during different parts of 

  resistometric measurement expressed in μm per year 

rcorr (μm.year-1) air 
0.001 mol.l-1 acetic 

acid solution 
0.01 mol.l-1 acetic acid 

solution 
0.1 mol.l-1 acetic 

acid solution 

without inhibitor -6.1 -0.2 15 994 - 

BTA -0.9 -0.2 3.5 4 575 

cyclohexylamine carbonate -0.9 -0.9 0.1 0.8 

dicyclohexylamine nitrite -0.6 0.4 124 1 649 

urotropine -2.6 -0.3 -0.3 1 264 

sodium benzoate -5.3 -0.9 -1.8 -0.9 

Visual observation of the sensors after resistometric measurement (Figure 2) confirmed resistometric data. 

Only for cyclohexylamine carbonate the whole sensor surface looks bright and shiny in opposite of the BTA 

and without inhibitor sensors, where general corrosion occurs. For another VCIs the lead corrosion mainly took 

place in a few small areas. 

      

Figure 2 Visual observation of sensors after resistometric measurement, exposition without inhibitor (A), with 

BTA (B), cyclohexylamine carbonate (C), dicyclohexylamine nitrite (D), urotropine (E), sodium benzoate (F) 
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3.2. Weight gain technique 

General observation on (Figure 3) is an evident increase of weight gain with corroded surface state and with 

concentration of acetic acid solution 0.1 mol.l-1. From (Figure 3) and Table 2, it can be observed that lead with 

non-treated surface and protected by cyclohexylamine carbonate has the highest corrosion resistant in the 

environment of any concentration of acetic acid. For the lead with corroded surface (Figure 3) and Table 3 is 

in the atmosphere above 0.01 and 0.1 mol.l-1 acetic acid solution, the best performance was shown by 

urotropine. In the atmosphere above 0.001 mol.l-1 acetic acid solution all tested VCIs failed to protect lead with 

corroded surface. Only in the atmosphere above 0.01 mol.l-1 acetic acid solution all tested VCIs protected lead 

with both surface states. Dicyclohexylamine nitrite failed for both lead surface states in all environments. The 

biggest consumption of VCIs during the weight gain measurements (in the atmosphere above acetic acid 

solution in concentration 0.001, 0.01 and 0.1 mol.l-1) was for cyclohexylamine carbonate (2, 3 and 6 g). The 

other VCIs were consumed only in atmosphere above 0.1 mol.l-1 acetic acid solution, BTA 2 g, 

dicyklohexylamine nitrite 2 g, urotropine 1 g and sodium benzoate 0 g. 

 

Figure 3 Weight gain measurement of the lead with non-treated and corroded surface in atmosphere above 

acetic acid solution in various concentrations, effect of VCI is represented as the average corrosion rate of 

lead samples 

Table 2 The average values of corrosion rate (rmi) of the lead with non-treated surface in atmosphere above  

              acetic acid solution in various concentrations and VCI expressed in mg per year and meter square  

Concentration of 
acetic acid 

solution (mol.l-1) 

rmi (mg·m-2·year-1) 

without 
inhibitor 

BTA 
cyclohexylamine 

carbonate 
dicyclohexylamine 

nitrite 
urotropine 

sodium 
benzoate 

0.001 23 ± 3 25 ± 3 -3 ± 5 47 ± 2 23 ± 0 35 ± 9 

0.01 52 ± 5 25 ± 6 -2 ± 5 42 ± 5 33 ± 5 41 ± 4 

0.1 217 ± 13 223 ± 6 9 ± 2 266 ± 6 219 ± 2 237 ± 6 
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Table 3 The average values of corrosion rate (rmi) of the lead with corroded surface in atmosphere above  

              acetic acid solution in various concentrations and VCI expressed in mg per year and meter square 

Concentration of 
acetic acid 

solution (mol.l-1) 

rmi (mg·m-2·year-1) 

without 
inhibitor 

BTA 
cyclohexylamine 

carbonate 
dicyclohexylamine 

nitrite 
urotropine 

sodium 
benzoate 

0.001 46 ± 5 128 ± 6 150 ± 29 231 ± 21 85 ± 24 179 ± 14 

0.01 252 ± 23 167 ± 32 213 ± 15 176 ± 20 49 ± 3 70 ± 3 

0.1 213 ± 9 214 ± 6 178 ± 13 274 ± 9 178 ± 6 221 ± 3 

In the atmosphere above 0.001 and 0.01 moll-1 acetic acid solution and cyclohexylamine carbonate whole 

lead samples with non-treated surface remained clear, bright and shiny, in the atmosphere above 0.1 moll-1 
acetic acid solution and cyclohexylamine carbonate lead surface tarnished. For lead with corroded surface in 

environments of any concentration of acetic acid is cyclohexylamine carbonate the worst VCI (the whole lead 

samples surface turned white and oily and covered with white blisters). The urotropine provided acceptable 

corrosion protection (mainly the lead surface tarnished) for both lead surface states in the atmosphere above 

0.001 and 0.01 moll-1 acetic acid solution, but in the atmosphere above 0.1 moll-1 acetic acid solution and 

urotropine lead corroded. 

 

Figure 4 SEM picture of lead samples with non-treated surface exposed in atmosphere above 0.001 moll-1 
acetic acid solution and with or without VCIs, without inhibitor (A), BTA (B), cyclohexylamine carbonate (C), 

dicyclohexylamine nitrite (D), urotropine (E), sodium benzoate (F) 

Table 4 Summary of XRD analyses for lead samples with non-treated surface exposed in atmosphere above  

             0.001 moll-1 acetic acid solution and with or without VCIs, the compound occurs on the surface very  

             well (5), the compound occurs on the surface (3), the compound occurs on the surface weakly (2) and  

             the compound occurs on the surface very weakly (1) 

 Lead 
Pb 

Hydrocerussite 
Pb3(CO3)2(OH)2 

Plumbonacrite 
Pb5(CO3)3O(OH)2 

Trilead dioxo diacetate 
hemihydrate 

Pb3O2(CH3COO)2(H2O)0.5 

Lead 
acetate 

C2H6O4Pb 

without inhibitor 5 2 3 3 1 

BTA 5 2 3 2 - 

cyclohexylamine 
carbonate 

5 2 2 1 - 

dicyclohexylamine 
nitrite 

5 2 5 2 1 

urotropine 5 2 2 3 1 

sodium benzoate 5 2 3 2 1 
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SEM observation (Figure 4) and XRD analyses Table 4 of lead samples with non-treated surface exposed in 

atmosphere above 0.001 moll-1 acetic acid solution and with or without VCIs confirm the greatest inhibition 

efficiency of cyclohexylamine carbonate. Lead acetate did not occur on the lead surface in the presence of 

cyclohexylamine carbonate and BTA (nevertheless, in the presence of BTA lead corrodes). 

4. CONCLUSION 

In an atmosphere polluted by acetic acid, cyclohexylamine carbonate provided the most effective protection 

(high corrosion protection with the minor surface appearance changes) for lead with non-treated surface and 

acceptable corrosion protection but high surface appearance change for lead with corroded surface in 

atmosphere with high concentration of acetic acid. Another important aspect and applicability limitation in the 

same time is the nasty stench of cyclohexylamine carbonate. Other and possibly recommended VCI which 

provides acceptable protection of lead (mainly for lead with corroded surface) with some surface appearance 

changes is urotropine. 
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Abstract  

The paper examines and compares the properties of laser clad deposits of Stellite 6 and Stellite 21 on 1.4923 

+ QT base material which is often used for power generation components. Cladding was performed using two 

different bead widths on a 63 mm diameter shaft with and without pre-heating. The widths of the beads 

deposited by a laser welding head were 1 millimetre and 3 millimetres. Using EDX, chemical dilution between 

the clad beads and the base material was examined. The paper gives a detailed description of metallographic 

observation of the claddings and the heat-affected zone and correlates the findings with hardness values. It 

also presents results of wear analysis conducted at simulated service conditions at 550°C.  

Keywords: Stellite, cobalt-chromium coatings, laser cladding, wear 

1. INTRODUCTION 

1.1. Cobalt-chromium coatings 

Cobalt-chromium coatings referred to as stellites are often used in power plants, high-pressure equipment, 

medicine, military applications and on rotor blades. They were adopted by industry as early as the 19th century. 

Thanks to their properties, they enhance the performance of parts of ordinary steels. Stellite 6 is the most 

frequently-used grade of these materials. These materials also contain tungsten and carbon. Base material is 

normally pre-heated for deposition of these coatings. Typical thickness of such functional coatings is 3-5 mm. 

As they are relatively expensive due to their chemical composition, they are often deposited as functional 

coatings rather than used as bulk materials. Flame or laser deposition is used, as it melts the base metal on 

small scale only. Then the second layer can already possess the desired utility properties. Various stellite 

coatings find use in various service environments. Normally, these involve elevated temperatures and 

pressures which impacts the life and performance of the coatings. The coatings may separate from the 

substrate in service, causing leaks for instance. Those, in turn, lead to both financial and physical losses. 

1.2. Chemical composition of claddings and base material 

Stellite 6 is used for parts operating in large temperature intervals up to 700 °C. It offers favourable sliding 

characteristics and is therefore applied to sliding joints. Its typical Rockwell hardness is 39-43 HRc. 

Table 1 Stellite 6 powder. Manufacturer: Höganas, powder size 45 - 150 µm 

Element Ni  Fe  W C  Mn  Cr  Co 

Stellite 6 wt. % min.  1.2 0.5 4.5 1.1 1 28 63.7 

wt. % max. 3 3 4.8 1.2 0.4 28 59.6 
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Table 2 Stellite 21 powder. Filler material from the manufacturer Oerlikon, powder grain size 45 - 120 µm [2] 

Element Ni Mo C  Cr Si Fe Co 

Stellite 21 wt. %  2.8 5.7 0.21 27.9 0.5 0.1 62.17 

Stellite 21, unlike Stellite 6, contains no tungsten. It also has a lower carbon level. Stellite 21 was first made in 

1930. Immediately, it was adopted for use in medicine as the sliding surface of the functional part of the hip 

joint. Dispersion of chromium and molybdenum carbides improves hardness at the expense of ductility. The 

materials exhibits excellent resistance to cavitation. However, when two coatings rub against each other, 

particles of the stellite coating can be released. Separation of the stellite coating may be related to the 

deposition method and performance. 

The material of the shaft used for the cladding experiment was as follows: Wr.N. 1.4923 +QT (QUENCHED 

AND TEMPERED) 

Table 3 Chemical composition of base material of the shaft 

Element C Si Mn P S Cr Ni Mo V 

1.4923 +QT 
wt. % 

0.18 - 
0.24 

Max. 
0.5 

0.4 - 
0.9 

max. 
0.025 

Max. 
0.015 

11.0 - 
12.5 

0.3 - 
0.8 

0.8 - 
1.2 

0.25 -
0.35 

1.3. Laser cladding of Stellite 6 and Stellite 21 

Stellite coatings have been deposited by welding for decades. Advancement of technology led to more 

productive deposition techniques and to methods which caused less disturbance to the base material, such as 

laser cladding. In power generation industry, specifically in weld cladding of turbine parts, difficulties arose in 

deposition of Stellite 6 on steam turbine shafts. Thermal loading led to separation of the cladding from the base 

material. The likely causes were the stress generated by the thermal gradient during cladding and sub-optimal 

chemical composition due to which tungsten carbides formed at elevated temperatures. Another drawback 

was the need for pre-heating for cladding. In this experimental study, specimens were produced by cladding 

using a narrow welding head which deposited beads 1 mm in width and a wide welding head for 3 mm beads. 

Cladding was performed with and without pre-heating. The goal was to compare the levels of dilution, the size 

of the HAZ and hardness for these different conditions. In addition, wear tests at 550 °C were carried out. Two-

layer claddings were examined.  

The cladding parameters were as follows: laser power 4 kW, cladding speed approx. 120 m/min, protective 

argon gas 5.0. The interpass temperature for runs with pre-heating was 450 °C. 

Table 4 Summary of designations of specimens selected for analysis, the colour coding with identical colours  

   indicates specimens to be compared 

Full designation of 
specimen 

Specimen 
number: 

Cladding 
material 

Pre-heating - P 
No pre-heating - B 

Number of 
cladding layers 

Cladding 

2 S21 P2S 2. Stellite 21 P - pre-heating 2 S - wide head 

11 S21 B2S 11. Stellite 21 B - no pre-heating 2 S - wide head 

13 S6 B2S 13. Stellite 6 B - no pre-heating 2 S - wide head 

17 S6 B2U 17. Stellite 6 B - no pre-heating 2 U - narrow head 

18 S21B2U 18. Stellite 21 B - no pre-heating 2 U - narrow head 

The company Lasertherm produced 18 different claddings [3], as shown in Figure 1. The differences between 

them included the cladding material, the use of pre-heating and the bead width. Four specimens were selected 

for analysis: 2S21P2S, 11S21P2S, 13 S6 B2S and 18 S6 B2U, as listed in Table 3.  
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Figure 1 Left: photograph of a shaft with laser claddings S6 and S21 (Stellite 6 and Stellite 21),  

right: specimen 18 of Stellite 21, detail, narrow bead of 1 mm deposited without pre-heating 

1.4. Microhardness of laser cladding and HAZ in the base material 

On all the selected samples, microhardness number HV0.1 was measured. Figure 2 shows depth profiles of 

hardness from the cladding surface toward the base material. In Stellite 6, microhardness is slightly higher 

than in Stellite 21. The presence of tungsten carbides contributes to it. The plots show that the HAZ is a 
transition region for hardness which changes from the value 400 HV0.1 in the cladding to 600 HV0,1 in the 

HAZ. The specimens in Figure 2 identified as 2S21P2S - with pre-heating, 11S21B2 - no pre-heating and 13 

S6 B2S - no pre-heating exhibit very similar hardness profiles. Specimen 18 S6 B2U - no pre-heating, has a 

step change between the HAZ and the base material. [4] 

Specimen 2S21P2S - with pre-heating Specimen 11S21B2 - no pre-heating 

Specimen 13 S6 B2S - no pre-heating Specimen 18 S21 B2U - no pre-heating 

Figure 2 Hardness profiles HV0.1 in specimens 2S21P2S, 11S21P2S, 13 S6 B2S and 18 S21 B2U 
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1.5. Metallographic characterization of laser cladding  

1.5.1. Macroscopic observation of Stellite 21 and Stellite 6 laser claddings 

Macrostructure in Figure 3 show two-layer claddings. Stellite 6 is on the left, Stellite 21 on the right. Etching 

has revealed the different microstructures in them. No cracks or lack of penetration can be seen in the 

micrographs. They show the structure of the bead produced by the Marangoni convection in the melt pool.  

  

Figure 3 Macropicture of laser cladding, etched, magnification 20×, left: Stellite 6, right: Stellite 21. 

1.5.2. Microscopic observation of Stellite laser cladding 

Two specimens were selected for scanning electron microscopic observation: 2S21P2 and 18S21B2 in order 

to identify differences between the claddings and dilution patterns produced with and without pre-heating.  Both 

specimens were laser clad with two layers of Stellite 21.  Specimen 2S21P2 was prepared with the use of pre-

heating at 450 °C. Figure 4, left, is a microstructure of the cladding surface on specimen 2S21P2. There is an 

oxide layer which was also confirmed by chemical analysis. Globular particles of incompletely melted powder 

can be seen. The surface of the cladding is to be removed by grinding. These oxides will therefore be removed 

before the shaft is put into operation. Figure 4, right, is a detail of specimen 18S21B2. It shows a region where 

grain boundaries became melted in the base material. This fusion region can be traced to a depth of 

80 micrometres below the surface of the base material. After pre-heating and cladding, the depth of fusion was 

96 micrometres. Without pre-heating, the depth was 80 micrometres.  

  

Figure 4 Specimen 2S21P2 - chemical composition of V2P11 at 46 micrometres below the cladding in the 

base material - melting at grain boundaries is visible. 
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1.6. Determining the dilution of the base material and the cladding 

Chemical dilution between the cladding and base material: 

Table 5 Chemical dilution in specimen 18S21B2 - Stellite 21 

Specimen 
18S21B2          V18B1 V18B1a V18B6 V18B7 V18B8 V18B9 V18B10 V18B11 V18B13 

O  9.60 4.45 3.98 3.42 3.26 3.33 2.77 3.11 

Al 1.30 2.10 0.73 1.07 0.10 0.21 0.06 0.35 0.75 

Si 2.50 2.90 0.89 0.96 0.47 0.65 0.50 0.44 0.69 

Mo 4.50 4.70 6.54 6.41 3.87 4.3 4.76 1.14 1.74 

Cr 23.50 22.40 23.66 24.14 18.91 19.75 21.62 11.6 11.28 

Mn 1.30 0.90 0.51 0.51 0.59 0.82 0.79 0.71 0.84 

Fe 1.40 2.03 6.05 6.03 36.97 32.27 23.65 81.75 80.91 

Co 52.80 52.30 53.96 53.56 34.00 36.46 42.62 0.84 0.27 

Ni 3.50 3.10 3.34 3.34 1.68 2.28 2.65 0.39 0.42 

Table 6 Chemical dilution in specimen 18S21B2 - Stellite 21 

Specimen 2S21P2       V2P1 V2P4 V2P5 V2P6 V2P7 V2P8 V2P9 V2P11 V2P13 V2P14 

O 6.47 5.74 12.65 5.39 5.13 5.09 5.44 4.09 4.05 4.17 

Al 0.93 0.62 1.63 0.42 0.46 0.47 0.44 0.16 0.56 0.19 

Si 1.06 1.06 5.12 1.01 0.89 0.98 0.97 0.61 0.66 0.67 

Mo 8.00 7.22 4.42 7.54 7.02 6.93 7.21 1.79 1.44 1.75 

Cr 23.04 22.68 20.48 22.85 23.56 23.25 22.68 11.35 11.18 11.41 

Mn 0.59 0.46 1.16 0.52 0.51 0.47 0.43 0.62 0.68 0.72 

Fe 5.03 12.79 10.77 12.18 10.54 12.19 13.4 80.38 80.82 80.47 

Co 52.00 46.88 41.56 47.58 49.24 48.02 46.92 0.69 0.28 0.35 

Ni 2.88 2.57 2.21 2.51 2.66 2.06 2.51 0.29 0.33 0.27 

1.7. Wear resistance determined by pin-on-disk test  

The goal of the test was to assess the wear resistance of four specimens. One test was performed on each of 

them. Stellite-clad specimens no. 13S6B2, 18S21B2, 11S21B2 and 2S21P2 were specially prepared for pin-

on-disk testing of wear resistance. The test was performed at 550 °C, which is the service temperature of these 

materials. 

1.7.1. Test arrangement 

The purpose of the test was to find the wear resistance of the materials at elevated temperature. This test is 

based on pressing a spherical-end tool of a specific diameter by a defined force into a (planar) test surface of 

a specimen which rotates at a specified speed. The indenter is loaded by a prescribed force exerted by a 

weight and attached to a rigid arm. Strain gauges fitted to the arm record the resulting friction force. The wear 

rate of the material is found by examining the wear track created by the indenter in the surface. The measured 

parameters include the actual amount of wear (material loss) and the impression (deformation) in the test 

specimen. This simple method allows friction and wear to be studied using contact between two surfaces of 

virtually any materials, either dry or lubricated. The measurement is evaluated using the powerful TriboX 

software. Wear resistance is expressed as wear rate. Wear rate is calculated from the wear volume, load and 
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total path of the relative movement of the indenter and the specimen. The equation is given below. The cross 

section (which indicates the areal loss) of the wear track (produced by the indenter) is evaluated using 

SURTRONIC 25 contour measuring machine. [5] 

Calculation of wear rate in the test specimen:          W =  
nopq rstuvo  wvvxy

zsp{ e"g∙ |p}~ evg   [mm3/Nm]                                  (1) 

1.7.2. Test parameters and conditions 

Pin-on-disk test was performed under the following conditions on each of the specimens: temperature 550 °C, 

load 10 N, number of cycles 5000, Al2O3 indenter, total path 94.25 m, speed of 80 revolutions/minute, the 

relative linear speed at the point of contact: 25 mm/s. On each specimen, the test took one hour.  

1.7.3. Wear resistance 

The measurements on tested specimens are listed in Table 8. Plots of wear rates and mean friction coefficients 
are given in Figure 5. The mean friction coefficient was found as an average from all data for the entire test, 

i.e. from hundreds of thousand of values.  

Table 7 Wear rates at 550 °C 

Specimen Area 

[μm2] 

Standard 
deviation 

of area 

[μm2] 

Wear 
volume 

[μm3] 

Wear 
rate 

[μm3/ 
Nm] 

Wear rate 

[10-6mm3/ 
Nm] 

Mean 
friction 

coefficient 

Track 
width 

[mm] 

Track 
depth 

[μm] 

Track 
depth 

[mm] 

13S6B2 5754 268 108457989 115075 115.075 0.50 0.9 13 0.013 

18S21B2 5861 253 110470179 117210 117.210 0.45 0.7 15 0.015 

11S21B2 6263 286 118047700 125250 125.250 0.35 0.7 16 0.016 

2S21P2 5700 207 107435400 113990 113.990 0.36 0.7 15 0.015 

The area [µm2] displaced by the indenter as measured on individual specimens using SURTRONIC 25 is given 
in Table 8. Areal loss was evaluated by means of TriboX software. The final area value was an average from 
eight values measured along the entire circular track. Standard deviation of the area value (2nd column 
in Table 8) is the smallest for 2S21P2 and largest for 11S21B2. The wear on the Al2O3 ball indenters was 
negligible. 

The highest wear resistance was found in 2S21P2. Specimen 13S6B2 showed a very similar value. The lowest 
resistance was found for 11S21B2. However, the difference from the other specimens was less than 10 %. 
The friction coefficient was in the range from 0.35 to 0.50. The specimens under test are shown in the 
photograph in Figure 6. 

 

Figure 5 Plots comparing the wear rate (left) and mean friction coefficient (right) 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

742 

Table 8 Areal loss in pin-on-disk test [µm2] 

13S6B2 Area  18S21B2 Area  11S21B2 Area  2S21P2 Area 

1 5493  1 6096  1 5860  1 5604 

2 5725  2 5600  2 6286  2 5556 

3 5912  3 5859  3 6901  3 5376 

4 6222  4 6231  4 6054  4 5728 

5 5389  5 5400  5 6377  5 5932 

6 5538  6 5790  6 6309  6 5561 

7 6040  7 5866  7 6135  7 5783 

8 5712  8 6043  8 6179  8 6057 

Diameter 5754  Diameter 5861  Diameter 6263  Diameter 5700 

 

Figure 6 Specimens after wear testing - 13S6N2 (left), 18S21B2 (centre - left), 11S21B2 (centre-right), 

2S21P2 (right) 

Pin-on-disk testing was performed at 550 °C, which is the material’s actual service temperature. Four Stellite 

6 and 21 claddings have been tested. The tests have shown substantial similarity among the claddings, as the 

differences were on the order of several percentage points. The highest wear resistance was found in 2S21P2 

and 13S6B2, whereas the lowest values were found in 11S21B2. The mean friction coefficient was between 

0.35 and 0.50. To obtain more relevant assessment of wear resistance, it is recommended to run longer tests 

and repeat them. 

CONCLUSION 

An analysis of several laser claddings of Stellite 6 and Stellite 21 deposited in both wide and narrow beads 

confirmed the viability of substitution of Stellite 6 with Stellite 21. The former is ordinarily used for cladding 

shafts for power generation equipment. The main benefit of deposition of narrow beads is the economic one, 

which includes the cladding speed. Using this method, one operation could be omitted: pre-heating the base 

material to 450 °C. However, this should be confirmed by testing multiple specimens or by field tests. The key 

requirement placed by customers on the wear performance of this coating was experimentally validated under 

service conditions involving the temperature of 550 °C. Wear test results were comparable for Stellite 6 and 

Stellite 21. When compared to Inconel claddings, Stellite claddings deliver 30 % higher wear resistance.  
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Abstract 

Besides customers and environmental requirements such as safety increase, the weight and emission 

reduction, and the life-time improvement, huge role plays corrosion resistance of the car-body components. 

This is improved by applying Zn-based coatings on the steel sheets. In the article are presented results of 

corrosion tests performed on the steel sheets with Zn-Al-Mg coatings applied. These are compared to the 

standard Zn coating. Samples were deformed by Erichsen stretching test and by 3-point bending tests to the 

angle of 90° and 180°. After that, these were exposed to salt spray in the corrosion chamber. The limit criteria 

were time to red corrosion appearance and percentage of corroded surface evaluated on time. The results 

showed the small amount of Al and Mg improved the corrosion resistance of Zn-Al-Mg coatings when 

compared to the conventional Zn coating. 

Keywords: Zn based coatings, steel sheet, corrosion resistance, strain, Erichsen test, bending test 

1. INTRODUCTION 

The life of the car is largely limited by the life of the body. Car manufacturers strive to prevent perforation 

corrosion for ten years and cosmetic corrosion of the car body for five years. In order to meet these 

requirements, materials with multifunctional coatings of zinc, tin, aluminum, lead, nickel and chromium are 

being developed. Due to the relation between customer requirements and price, zinc-based coatings, which 

can be made by various processes, have an irreplaceable place among coated steel sheets in the automotive 

industry [1,2]. Improvement of the corrosion resistance of the zinc layer can be achieved by modifying the 

chemical composition (Zn-Al-Mg coatings) or by annealing the zinc coating (galvaannealed coatings) [3,4]. 

Galvaannealed (Fe-Zn) zinc coatings are made by annealing galvanized steel sheets for several seconds at a 

temperature of 500-565 °C in a furnace located at the end of the galvanizing bath [5,6]. Zn-Al-Mg coatings are 

made by hot dip galvanizing of steels in zinc alloy, containing 0.5÷1.0% Mg and 0.8÷1.0% Al. The Mg and Al 

elements form a protective stabilizing layer on the surface of the coating, thus enabling the natural protection 

of the coated material and thus slowing down the corrosion process of the material. Fe-Zn and Zn-Al-Mg 

coatings are harder, more scratch resistant, have better weldability, compressibility, paintability and reduce 

zinc consumption compared to pure zinc coatings [7,8,9]. Weldability and formability are important 

characteristics of Tailored Welded Blanks for car body parts, especially when different steels are welded [10]. 

The car-body parts - closure (roof, door, trunk lid, fender, deck) and body-in-white - are made by deep drawing, 

stretching or bending processes. These involve different stress-strain mode and plastic flow due to forces 

applied when material is deformed. Thus, in the case of coated material, plastic strain causes: thinning the 

both, base material and coating; failure the coating integrity at the tool-steel sheet surface boundary; cracks 

formation in the coating when it is not plastic enough; flaking the coating if there is imperfect adhesion to the 

base material. [11] 
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2. METHODS OF EXPERIMENTS 

The aim of the experiments was to compare the corrosion resistance of hot-dip galvanized sheets with 

conventional Zn coating and annealed Zn-Al-Mg coatings of new concepts with different Al and Mg contents.  

Steel sheets were passivated before coating by 40÷50 mg/m2 of Cr3+. Chemical composition of coatings and 

one side surface weight of coating is presented in Table 1. 

Table 1 Chemical composition of coatings  

Coating 
Al 

(wt%) 
Mg 

(wt%) 
One side coating weight 

(g/m2) 

Zn 0.63 - 82 

A1 1.53 1.26 70 

A2 1.85 1.68 68 

Samples were tested as received and after plastic deformation with different amount of stress and strains 

made by bending and stretching. During the production of car-body parts by bending and stretching 

technologies, tensile stresses (tension or tension-tension) are applied. Thus, unwanted events in the coating 

may occur, such as thinning the coating, abrading the coating on contact surfaces, cracks in the coating due 

to insufficient plasticity of the coating and peeling the coating off. Bending stresses (tension) were modeled by 

a three-point bending test up to angle of 90° and 180° - (Figures 1 b, c). Stretching stresses (tensile-tensile) 

were modeled by the Erichsen test (Figure 1 d). 

 

Figure 1 Modelling the stress-strain on the samples 

 a) as received, b) bending to 90°, c) bending to 180°, d) stretching by Erichsen test 

The amount of strains involved in the material by bending and stretching was numerically simulated. 

Constitutive equations of Hill 48 yield locus and Krupkowski hardening curve were defined for the base material 

DX54D with thickness 0.8 mm. Results of major and minor strains are shown in (Figure 2) for bending tests 

up to 90° and 180° and Erichsen test. These are shown and compared to the limit strains for base material 

DX54D in (Figure 3) and possible strains in the car-body components are shown in (Figure 4). As it comes 

out from numerical simulations of stretching by Erichsen test, the strains were localized and the fracture 

occurred due to tensile-tensile stresses in the critical cross section. Major and minor strains in this section 

reached the limit strains (ɛ1 = 0.33 and ɛ2 = 0.15) and plastic properties have been totally utilized. As it comes 

out from numerical simulations of bending, lower amount of strains has been reached when bending to 90°  

(ɛ1 = 0.07) within the uniform deformation and plastic properties have been utilized only to 23 %. The same 

values were found for bending to 180°, but the wider area has been deformed. 
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 Bending to 90° Bending to 90° Stretching (Erichsen test) 

Major 

strain 

ɛ1 [-] 

   

Minor 

strain 

ɛ2 [-] 

   

Figure 2 Strain amount in bending and stretching calculated by numerical simulation 

 
 

Figure 3 Strains compared to the limit strains for 

base material DX54D 

Figure 4 Strains at car-body components 

The corrosion resistance of the coated samples before and after deformation was tested according to STN EN 

ISO 9227 in a corrosion chamber SKBWF - 1000A TR and using salt spray (sodium chloride solution with a 

concentration of 50 g/l) at a temperature of 35 °C. The samples in the corrosion chamber were not exposed to 

direct spraying of the salt spray solution. The corrosion resistance of the investigated coatings was monitored 

depending on the time of red rust appearance and the area of the corroded surface after 24, 48, 72, 120, 144, 

216, 312, 408, 624, 724 and 864 hours spent in the corrosion chamber. Samples after removal from the 

SKBWF-1000A TR corrosion chamber were cleaned of salt deposits by rinsing. The surface area of the 

samples affected by corrosion was evaluated using image standards and photographs at different angles. 
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3. RESULTS AND DISCUSSION 

The results of testing until the first formation of the red rust are shown in (Figure 5). The percentage of corroded 

surface as a function of the time in the corrosive atmosphere is shown in (Figure 6) for Zn coating and in 
(Figure 7) and (Figure 8) for Zn-Al-Mg coatings. The surface condition after 864 hours is shown in (Figure 9). 

Figure 6 shows that the kinetics of corrosion growth have S-shaped curves and can be divided into three 

phases. The increase in corrosion is more intense in the second phase, when corrosion attacked from about 

10 % to about 80 % of the sample area than in the first phase when attacked to about 10 % of the sample area 

and the third phase when 80 to 100 % of the surface area is corroded. 

 
 

Figure 5 Time until the formation of the red rust Figure 6 Graph corroded area-time for Zn coating 

It can be seen in (Figure 6) that the onset of red rust on as received pure zinc coating was recorded on 

approximately 2 % of the sample area after 216 hours in the corrosion chamber. With increasing time from 216 

hours to 408 hours, the red rust grows more intensively from 2 % to 60 %, and from 408 to 864 hours the 

growth intensity gradually decreases. For samples after bending to 90° and 180°, the onset of red rust growth 

was recorded after 72 hours, while for 90° bending samples, the area affected by corrosion was about 2 % 

and for 180° bending was about 4 %. In the second phase from 144 to 408 hours, the corrosion spread more 

intensively on the samples after bending to 180° and on the samples after stretching by the Erichsen test. The 

area of the specimens after stretching by the Erichsen test was already 100% corroded after 312 hours, at a 

bend to 180° the area was 100 % infested after 408 hours, at a bending to 180° the area was corroded to 

100 % after 864 hours and in the case of as received samples, even after 864, there was no 100 % corrosion 

of the surface. This means that the corrosion resistance of hot-dip galvanized Zn steel sheets depends on 

time, deformation and deformed surface at a comparable coating thickness. 

  

Figure 7 Graph corroded area-time for A1 coating Figure 8 Graph corroded area-time for A2 coating 

Figure 7 shows the results of corrosion resistance for A1 coating. It can be seen that the onset of red rust on 
as received A1 samples was recorded on approximately 2 % of the sample area after 624 hours in the corrosion 
chamber. With increasing time from 624 hours to 864 hours, the red rust grows more intensively from 2% to 
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8 %. A similar tendency was observed for the samples after bending at 90° and 180°, with the difference that 
in the samples after bending to 180° the red rust growth was more intense than in the samples without 
deformation and after bending to 90°. In the samples after stretching by the Erichsen test, the onset of corrosion 
attack was recorded after 72 hours, and after 624 hours, 100 % corrosion attack of the samples occurred. 

Figure 8 shows the results of corrosion resistance for A2 coating. It can be seen that the onset of red rust on 
as received A2 samples and samples after bending to 90° was the onset of red rust formation after 864 hours 
in the corrosion chamber. On the samples after bending to 180° was the onset of red rust formation after 724 
hours. When stretched by the Erichsen test, the onset of red rust was recorded after 216 hours and after 864 
hours the corroded area of the samples was about 75 %. This means that the corrosion resistance of 
galvanized GA sheets with Zn-Al-Mg coating depends on time, the amount of strain, on the deformed surface 
with a comparable coating thickness and on the Al and Mg content in the coating.  

 As received Bending to 90° Bending to 180° Stretching 

Zn 

    

A1 

    

A2 

    

Figure 9 Surface of samples after 864 hours in spent in the corrosion chamber 

The results of the experiments show that the onset of the S curves and the time to reach 100% of the corroded 
surface shifts to shorter times due to the plastic deformation of the coated steel sheets - for Zn coating the 
corrosion resistance deteriorated about 67 % after bending and about 78 % after stretching; for Zn-Al-Mg 
coatings the corrosion resistance deteriorated about 35 % to 16 % after bending and about 88 % to 35 % after 
stretching, depending on the amount of Al and Mg in the coating. The increase of corrosion resistance for Zn-
Al-Mg coating is more visible for different amount of plastic strain:  

 for as received samples about 188 % to 300 %, 

 for samples after bending to 90° about 767 % to 1100 % and after bending to 180° about 467 % to 905 %, 

 for samples after stretching by Erichsen test up to 350 %. 

It follows from the above that the effect of plastic deformation was less pronounced in the samples with Zn-Al-
Mg coating. The higher the content of Al and Mg in the zinc coating, the more corrosion resistant the material 
is. The different behavior of Zn-Al-Mg coatings compared to conventional Zn coatings in a corrosive 
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environment can be explained by the fact that the corrosion products form a very thin stable layer of aluminum 
hydroxide, zinc carbonate Zn6Al2, (CO3), (OH) 16.4 H2O on the surface. This protective layer ensures increased 
corrosion resistance of coated sheets based on Al-Mg even after their deformation compared to the coated 
sheets with conventional Zn coating [12,13,14]. This means that if designers avoid multiple bends in the design 
of body components, minimize the limit deformations on pressings and will make greater use of galvanized 
sheets with magnesium-aluminum coatings, it is assumed that a significant increase in corrosion resistance of 
body components. 

4. CONCLUSION 

The results of the experiments show that the onset of the S curves and the time to reach 100% of the corroded 

surface shifts to shorter times due to the plastic deformation of the coated steel sheets, depending on the 

amount of Al and Mg in the coating. Zn-Al-Mg coatings improved the corrosion resistance of as received steel 

sheets 2 to 3 times, but it is more improved after plastic deformation - after bending it is improved about 5 to 

10 times and after stretching up to 3.5 times. Thus, it may be concluded the Zn-Al-Mg coated steel sheets 

preserve the corrosion resistance of the car-body components after plastic deformation.   
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Abstract  

Corrosion - mechanical damage of the economizer pipe of the biomass boiler was analysed. Macroscopic, 

microscopic and SEM-EDX analysis were used for the analysis of steel samples. The results of the analyses 

showed a strong degradation effect of a high, up to 30 % solids fraction in the flowing flue gas on the surface 

of the heat exchange tubes. The high amount of aggressive components, in particular Cl, S, Na, K and Zn, 

resulted in the formation of highly aggressive condensate on the tube surface when the operating temperature 

dropped below 200 °C. The result was a more than 80 % reduction in the wall thickness of the tube at the 

bottom of its arc, leading to perforation of the economizer tube wall. Spilled heated water released a protective 

corrosion layer from the surface and exposed the active steel surface. The solution of the unfavourable 

corrosion - mechanical process is to ensure the required technological parameters (operating temperature and 

pressure of the flowing medium), chemical composition of the flue gas while ensuring sufficient operational 

capability and material life of the pressure parts of the heat equipment. 

Keywords: Heater, high temperature corrosion, abrasion, flue gas 

1. INTRODUCTION 

The share of renewable energy sources to meet global energy demand should rise by a fifth in the next five 

years to reach 12.4 % of the total energy produced in 2023. Renewable energy sources will have the fastest 

growth in the electricity sector, while the projected share in this sector in 2023 is almost 30 % of total energy 

demand. During this period, renewable energy sources are expected to account for more than 70 %  

of the world's growth in electricity generation. While they will grow more slowly in the energy sector, in the area  

of heat management, which includes heating of buildings or industrial plants, they will account for the largest 

overall share of the demand for this type of energy in 2023. The growth trend of renewable energy sources is 

shown in (Figure 1) [1]. Consumption of renewable heat sources is expected to increase by 20 % to reach 

12 % of demand in the heating sector by 2023. This assumption was also due to the trend of strong growth in 

energy and heat consumption as a result of economic and population growth. Biomass is also a renewable 

energy source. The term 'biomass' refers to organic matter that can be converted into energy. Some of the 

most common fuels for biomass energy systems are wood, agricultural residues and crops grown specifically  

for energy production. This involves replacing part of the coal with biomass in the boiler plant of the power 

plant, which is one of the least expensive options for renewable energy [2-4]. 

The disadvantage of plant biomass is the high content of chlorine and sulphur (above 0.1 %) in the fuel,  

which can be manifested by high-temperature corrosion of heat-exchange surfaces. Therefore, energy boilers  

for biomass combustion have so far been designed to discharge steam temperatures of 400 °C, respectively 

450 °C. The results of the experimental program [5] showed that surface corrosion was observed in low-alloy 
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steels at 550 °C in the wood chip combustion environment, on the austenitic steels oxygen penetration along 

the grain boundaries and the formation of oxides within the structure. The corrosion effects of flue gases  

on metal parts of boilers have been analysed in detail [5,6]. 

During the biomass combustion process, the chlorine present is converted to hydrogen chloride gas, the metal 

chlorides present in the ash and the eutectic melts of KCl - ZnCl2. This conversion process can accelerate high 

temperature corrosion of boiler surfaces, particularly superheater tubes, and significantly affect equipment 

efficiency by causing unplanned shutdowns or preventively forcing operators to limit steam temperature. 

Corrosion of steels in the gaseous environment of chlorides occurs [7]: 

 formation of cl� from HCl according to the reaction  

2HClI2L 
 1/2�� ��� 
  cl�             (1) 

 by penetrating cl� through the oxide layer and reacting at the oxide-steel interface 

�� 
 cl� ��cl�              (2) 

 by evaporating the chlorides according to the reaction 

��cl�I�L ��cl�I2L              (3)                        

 and oxidation of chlorides 

2��cl�I2L 
 3/2�� ����=  
 cl�            (4) 

to a crystalline but porous multilayer oxide layer without metal surface protective capability. 

The resulting cl� acts as a catalyst for the corrosion reaction and prevents the formation of an adhesive 

corrosion layer. It is able to diffuse inwardly the structure of the steel tubes of the heat equipment along  

the grain boundaries of the structural components. The corrosion course is very intense, and the rate  

of corrosion can be described by the linear growth of the corrosion layer. 

 

Figure 1 Share of renewable energy sources by industry [1] 

The low-melting eutectics formed on the outer surface of the heat exchange tube walls are an essential 

degradation component. They exist in the form of NaCl-FeCl2, respectively. KCl-FeCl2 and have a melting point 

(eutectic temperature) of 437 °C, respectively 457 °C. In such a liquid form, they prevent the formation  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

752 

of a compact protective layer of corrosion products and at the same time constitute a precondition  

for the course of electrochemical corrosion, since the liquid phase is in fact an electrolyte. 

Another degradation component of the flue gas is SO2. Sulphur oxide reacts with alkali metal chlorides  

on the steel surface of heat exchange tubes to form sulphates: 

2UclI�L 
 ��� 
 1/2��I2L 
   ���I2L  � U���CI�L  
 2�clI2L      (5) 

The resulting �clI2L can diffuse through the metal / oxide layer, respectively. metal / oxide / deposit to the steel 

surface and react to form ��cl�I2L. This mechanism is applied in the biomass combustion environment, where 

alkali metal chlorides dominate in the composition of ash deposits. The sulphates formed are less dangerous 

to corrosion [8-11]. 

The paper presents an analysis of corrosion - mechanical damage to the heat exchanger (economizer)  

of the biomass boiler. 

2. MATERIAL AND EXPERIMENTAL METHODS 

The economizer of the biomass boiler consisted of smooth pipes in interconnected batteries placed  

in the boiler draft. Pipe dimensions and material: outer diameter = 32.0 mm, wall thickness = 4.5 mm,  

material - steel P235GH. The flue gas temperature at the inlet to the economizer was about 360 °C and the 

outlet temperature was about 180 °C. The feed water temperature in the tubes reached 105 °C. The actual 

chemical composition of the steel is shown in Table 1 and corresponds to P235GH steel declared by the plant 

operator. 

Table 1 Chemical composition of the P235GH steel 

Steel Element content in mass % 

 

P235GH 

C Mn Si Cr Ni Cu P S 

0.16 0. 42 0.21 0.17 0.19 0.14 0.03 0.03 

A view of the location of the economizer tubes in the boiler device is shown in (Figure 2). At the location 

indicated by the arrow, external wear of the wall surface is visible on the lower pipe bend. Wear, which led to 

the thinning of the wall of the tube under investigation, was found in several tubes in the economizer. The flue 

gas stream with high ash content (up to 30 %) degraded the surface and damaged not only the protective 

oxide coating but also the steel material itself. 

 

Figure 2 Shot on the bottom of the economizer tubes with visible external wear (indicated by an arrow) 
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Macroscopic analysis using the LEICA WILD M3Z stereomicroscope was used to determine the causes  

of corrosion - mechanical damage. Microscopic analysis was performed on an OLYMPUS VANOX-T light 

microscope. Samples were prepared by standard metallographic procedure (grinding, polishing and etching). 

A JEOL JSM 7000F scanning electron microscope with INCAx_Sight microanalyser was used for EDX analysis 

of the corrosion layer chemical composition. 

3. RESULTS 

The results of the macroscopic analysis are documented in (Figure 3) and (Figure 4). More detailed view  

of the damaged location of the lower arc of the tube is in (Figure 3). In (Figure 4) the perforation region  

of the pipe with cracks on both sides thereof is visible. A cut-out was made at the point of the crack to prepare 

a sample for microscopic analysis (in Figure 4 this is the location indicated in the formation). 

Light microscope observation revealed that the steel structure of the economizer tube was ferritic-pearlitic  

and is documented in (Figure 5). The steel hardness was 63.8 HV10. On the steel surface on the outside  

of the pipe wall at the arc location as well as on the crack surface at the edge of the perforation point (the 

location indicated in Figure 4), there was only a thin corrosion layer that locally reached a depth  

of max 100 µm. Samples were taken for the EDX analysis on a scanning electron microscope from the 

locations (indicated in Figure 3) where a corrosion layer of greater thickness was observed, (Figure 6). 

 

Figure 3 Lower tube bend with a strong abrasive 

effect of the flue gas 

 

Figure 4 Lower tube bend with wall perforation 

 

Figure 5 The location of the crack edge 

documented in (Figure 4) 

 

Figure 6 EDX analysis of the corrosion layer on the 

tube surface from the sampling site of (Figure 3) 
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Figure 7 The EDX analysis of the corrosion layer of (Figure 6) - Spectrum 22 

The results of the analysis from a documented location on the tube surface are shown as an example  

of the selected spectrum in (Figure 7) and summarized in Table 2. 

Table 2 Results of EDX analysis of corrosion layer 

 

Element 

Spectrum 
20 

(wt%) 

Spectrum 
21 

(wt%) 

Spectrum 
22 

(wt%) 

 

Element 

Spectrum 
20 

(wt%) 

Spectrum 
21 

(wt%) 

Spectrum 
22 

(wt%) 

C 3.9 11.7 20.7 K - 0.3 1.2 

O 23.5 48.9 40.9 Ca 1.2 1.3 13.6 

Mg - 36.2 1.5 Mn 0.8 - 0.3 

Al 0.4 - 3.0 Fe 68.8 0.6 4.3 

Si 0.9 - 7.8 Zn - - 0.9 

P 0.2 - 3.9 Cr 0.2 - 0.2 

S 0,2 0.7 1.2 Ti - 0.2 - 

4. DISCUSSION 

Macroscopic analysis of economizer tubes (EKO) showed significant corrosion - erosive damage on the steel 

surface at the bottom of the arc. This damage was caused by a flue gas stream containing a high to 30% solids 

content of fly ash. This damage process resulted in a significant loss of pipe wall thickness by the flow of solid 

ash components in the flue gas. At the thinnest point of the wall of the tube, the thickness was reduced  

from 4 mm to 0.7 mm, which represented an 80% reduction in material. At the point where the pipe wall 

thickness reached a critical value, the pipe wall was perforated and heated water leaked out. When the water 

flows from the inside of the pipe towards its outer surface, the corrosion layer moisture has been increased 

and released from the pipe surface. The result of this process can be seen in (Figure 3) and (Figure 4) in 

places where it is very thin, resp. totally missing corrosion layer on the surface (areas are indicated by an 

arrow). 

On the inner surface of the pipe and on straight sections, the corrosion layer had a greater thickness  

and in places reached more than 1 mm. 

Analysis of the chemical composition of the economizer tube material and microscopic analysis showed that 

P235GH steel was used. The ferritic-pearlitic structure had a perlite content corresponding to approximately 

0.2% of the carbon content of the steel; (Figure 5). The grain distribution and shape of the structural 
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components of ferrite and perlite represented the state of the steel material structure after drawing and 

bending. 

On the steel surface on the outside of the pipe wall at the arc point as well as on the crack surface at the edge 

of the perforation point (the place marked in Figure 4) there was only a thin corrosion layer that locally reached 

a depth of max. The thickness of the corrosion layer was reduced by a stream of solid ash components in the 

flue gas. As mentioned, the perforation resulted in a considerable separation of the corrosion layer by escaping 

hot water from the economizer tube.  

Based on EDX analysis from a site of greater corrosion layer thickness (site in the formation shown  

in Figure 3), in detail in (Figure 6), it was found that the corrosion layer contained elements that were part of 

the chemical composition of the steel, such as Si, Cr, Ni, Cu, Fe. Furthermore, there were elements such as 

S, Cl, Mg, Ca, Al, Zn, K, which were components of the flue gas and, when reacted with the metal surface, 

passed into the corrosion layer. In particular, elements such as: Cl, S, Na, K, Zn were involved in the 

destruction of the protective layer of iron oxides. 

When the operating temperature was lowered below 200°C and during the plant shutdown, complex 

compounds of NaCl-FeCl2, respectively, were formed. KCl-FeCl2 on the outer surface of the tubes,  

which in a significant layer disrupted the compact corrosion protective layer [11]. 

5. CONCLUSION 

Based on the findings of the experimental analysis can be concluded: 

1) the steel structure was ferritic-pearlitic and corresponded to P235GH low carbon steel after 

normalization annealing; 

2) the reaction of the flue gas environment with the outer surface of the steel pipe material resulted in a 

corrosion layer whose thickness varied. At the bottom of the tube (on the surface of its lower arch) the 

layer was the thinnest, and adhered well to the steel surface. Under this layer the steel surface was 

sufficiently protected; the hole depth did not exceed 100 µm below the perforation due to the escaping 

of heated water from inside the economizer tubes, the corrosion layer separated from the steel tube 

surface; 

3) condensation at a temperature below 200 °C at reduced operating temperature and during standstill has 

created favorable conditions for low temperature corrosion degradation by the formation  

of aggressive Cl-based components; 

4) the degradation process was also aided by a flue gas stream with a high, up to 30% solids ash content, 

5) the abrasive process by the action of particulate matter in the flue gas reduced the wall thickness of the 

economizer pipe by up to more than 80 % at the bottom of the bend, resulting in perforation of the pipe 

wall; 

6) the solution is to keep the specified technological parameters: temperature of the combustion process 

and pressure of the flowing medium in the heat-exchange tubes, 

7) another effective solution is to reduce the content of aggressive flue gas components to the 

recommended limit value, especially the HCl content. It is recommended to keep the chlorine content of 

the fuel below 0.06 % [12]; 

8) it is also recommended to reduce the ash content to a maximum of 7.1 %, which is a requirement for 

quality fuel [13]. At the same time, the ash particles are hygroscopic and help to maintain moisture on 

the steel surface and thus prolong the corrosion process time. 
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Abstract 

For future fusion reactors, materials able to withstand harsh environments are needed. In particular, this 

concerns the plasma-facing components which are foreseen to consist of tungsten-based plasma-facing armor 

and structural and cooling part made of steel. Currently, joining of these materials presents a significant 

challenge. The stress concentration at their interface, which arises due to thermal exposure and the difference 

in thermal and mechanical properties, can be reduced by composite/graded interlayers. Plasma spraying is 

among the prospective technologies for their preparation. In this work, tungsten-steel and tungsten-chromium 

composites were prepared by radio-frequency inductively coupled plasma (RF-ICP) spraying. Initial 

optimization of the spraying process for pure materials as well as their mixtures was carried out. Basic 

characterization of the layers for their structure, porosity and composition is presented.  

Keywords: Fusion materials, plasma-facing components, tungsten-steel composites, tungsten-chromium 

composites, plasma spraying 

1. INTRODUCTION 

Plasma-facing components for future fusion reactors will have to withstand extreme conditions that include 

high heat fluxes (both steady-state and thermal shocks) and bombardment of plasma species (ions, electrons, 

neutral atoms and high-energy neutrons) [1]. Tungsten is considered the prime candidate material for these 

components, particularly for its high melting point, high strength at elevated temperatures, resistance to 

sputtering, good thermal conductivity, etc. [2,3]. However, joining of tungsten as the plasma facing armor to 

the steel-based or copper-based structural or cooling system presents a significant challenge - in particular, 

the large difference in thermal expansion coefficients and moduli of elasticity leads to high stresses at the 

interface upon thermal loading [4]. Possible joining technologies include direct bonding, solid-state bonding or 

brazing with discrete interlayers or the use of graded interlayers consisting of only tungsten and steel or copper 

[4]. The use of additional materials is constrained by several factors, such as the requirement for low activation, 

temperature limitations, requirements for thermodynamic stability, high yield strength, etc. [4]. On the other 

hand, the graded interlayers replace the sharp interface with a smooth transition, thus reducing the stress 

concentration. An overview of several prospective fabrication technologies, such as plasma spraying, laser 

cladding, hot pressing and spark plasma sintering is given in [5]. The advantages of plasma spraying lie in its 

ability to cover large area, in a single-step technology (possibly eliminating the need for further bonding), as 

well as easy control of the compositional gradients [6]. Plasma sprayed tungsten-steel composites and graded 
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layers were investigated e.g. in [7,8,9], plasma sprayed tungsten-copper in [10]. Most recently, first results on 

tungsten-chromium composites prepared by RF-ICP spraying [11] and cold spraying [12] were presented.  

This work presents tungsten-steel and tungsten-chromium composites prepared by RF-ICP spraying. 

Compared to conventional direct current arc plasma spray systems, the distinct features of this technology 

include axial feeding of the powder, large volume and low velocity and energy density of the plasma, relatively 

long particle dwell time and controlled atmosphere chamber [13]. Examples of initial optimization are shown 

together with characteristic features of these coatings. 

2. EXPERIMENTAL 

2.1. Sample preparation 

The coatings were sprayed using radio-frequency inductively coupled plasma system Tekna 15 (Tekna, 

Sherbrooke, Canada) in a controlled atmosphere chamber. The torch was operated at 15 kW power. Argon 

and hydrogen were used as the plasma forming gases, argon as a sheath and carrier gas. The chamber 

pressure was kept at 103.4 kPa. Spray distance of 70 mm was used. Other parameters that were varied for 

individual runs will be mentioned together with the results, where relevant. Two types of substrates were used: 

graphite discs of 60 mm diameter and 10 mm height, rotating around axis parallel with the plasma jet, and AISI 

304 stainless steel of 60.6 x 20 x 3 mm dimensions, either rotating around axis perpendicular to the plasma 

jet or translating along this axis without rotation. The latter was placed in an in-house developed actively cooled 

substrate holder. 

The following powders were used: 

W: <63 m (Osram, Towanda, USA); ~10-20 m (Global Tungsten and Powders, Bruntál, Czechia) 

steel: AISI 410, 53-90 m (Flame Spray Technologies, Duiven, Netherlands) 

Cr: ~30 m (US Research Nanomaterials, Houston, USA) 

For the tungsten-steel composites, the W and steel powders were mixed with 50:50 volume ratio. For the 

tungsten-chromium composites, W and Cr powders were mixed with 75:25 weight ratio. 

To check the thermal stability, a representative W-Cr composite coating was annealed in vacuum at 1000 °C 
for 10 h. Elemental analysis was then performed at the same location to detect possible changes. 

2.2. Coating characterization 

The structure of the coatings was observed using scanning electron microscopy (SEM; EVO MA 15, Carl Zeiss 

SMT, Oberkochen, Germany) on polished cross sections. Local elemental composition was determined using 

energy-dispersive spectrometry (EDS; XFlash 5010, Bruker, Karlsruhe, Germany) in the SEM. Porosity and 

percentage of the individual phases was determined by image analysis using ImageJ software (National 

Institute of Health, USA) on the SEM images. Phase identification was performed with the help of x-ray 

diffraction (XRD) using D8 Discover diffractometer (Bruker, Karlsruhe, Germany). 

3. RESULTS 

3.1. Pure tungsten 

Figure 1 shows the cross section of a pure W coating (from the <63 m powder) on a graphite substrate, 

resulting from the initial optimization [14]. This features high density, typical splat structure and columnar 

crystal grains having grown across several splat layer, indicating very good intersplat contact. Only some splat 

boundaries are visible. 
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Figure 1 Cross sections of pure tungsten coating on a graphite substrate; a) overview, b) detail, [14] 

  

Figure 2 Cross sections of pure tungsten coating on a steel substrate; a) overview, b) detail 

Figure 2 shows the cross section of a pure W coating (from the 10-20 m powder) on a rotating steel substrate. 

Although still relatively dense, it has some regions with higher porosity (e.g. on the left of Figure 2a). As seen 

in Figure 2b), the splat boundaries are generally more distinct than in the previous case. 

3.2. Pure steel 

A representative cross section of pure steel coating on a graphite substrate is shown in Figure 3a). Very dense 

structure is observed, with occasional small pores; no splats/lamellae, typical for plasma sprayed coatings, 

can be discerned. Apparently, due to the high heat input from the torch, a melt layer was formed in which all 

deposited particles fused together. The surface roughness is likely a result of temporary arc attachment, 

causing localized surface erosion. This phenomenon was occasionally observed, however, no remedy against 

it was found so far. The detail in Figure 3b) shows an internal structure, which was infrequently observed, 

possibly a result of slow solidification. This was revealed due to metallographic preparation, and was not 

accompanied with any compositional inhomogeneity. 

3.3. Tungsten-steel composites 

Figure 4a) shows the cross section of the first W-steel composite prepared on a steel substrate. Tungsten 

particles exhibit typical splat structure with visible splat-splat interfaces, while the steel phase appears 

completely fused without any splat structure. The coating has overall porosity about 4%, but both the pores 
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and the phases are rather inhomogeneously distributed. Besides very dense regions, there are regions with 

rather large pores spanning several splat layers (Figure 4b). Concerning the mixing of tungsten and steel, 

there are W-rich regions alternating with well mixed ones. Overall, the steel content was reduced compared to 

the feedstock, to about 30 volume % in the coating. Partial evaporation of the steel particles may have been 

responsible for this. In the structure, no significant amount of intermetallics was observed. Only in some 

regions, a stronger local interdiffusion was observed, resulting in steel enrichment by tungsten (Figure 5a). 

Figure 5b) shows a surface of the same coating, revealing the large difference in splat size between steel and 

tungsten. This may be among the factors responsible for the inhomogeneity, but was necessitated by the large 

difference in melting points (~3370-3422 °C for tungsten [15,16], 1480-1530 °C for 410 steel [15]). 

   

Figure 3 Cross sections of pure steel coating; a) overview, b) detail 

   

Figure 4 Cross sections of a tungsten-steel coating sprayed on a rotating cooled holder; a) overview, 

b) detail of region with large pores 

Figure 6 shows the cross section of another W-steel composite coating, sprayed on a steel substrate without 

rotation. This was done in an attempt to reduce the porosity by increasing the deposition temperature. In the 

near-substrate region, dense coating was formed (Figure 6a). At the tungsten-steel splat interfaces, 

intermetallic formation is observed, as a result of elevated temperature. This was identified by XRD as Fe7W6. 

Farther away from the substrate, however, the porosity significantly increased (Figure 6b), possibly due to 

overheating and evaporation of the steel phase. The intermetallic layers were observed in this region as well. 

Several more coatings were prepared from the same powder mixture, using different combinations of cooled 

holder rotation and translation. All of them, however, featured the same issues as the two examples shown 
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above, i.e. significant inhomogeneity in terms of porosity and phase distribution. This indicated the need for 

tighter control of the deposition temperature, which is the subject of ongoing activity. 

  

Figure 5 a) cross section of a tungsten-steel coating sprayed on a rotating cooled holder, showing a region 

of strong interdiffusion (center, near the interface with substrate); steel enrichment by tungsten is indicated 

by a brighter shade; b) surface of the same coating 

  

Figure 6 Cross section of a tungsten-steel coating sprayed on a cooled holder without rotation; a) dense 

region near the substrate, b) porous region farther away from the substrate 

3.4. Tungsten-chromium composites 

The tungsten-steel composites might encounter the issue of intermetallic formation upon thermal exposure. 

These are generally undesirable, as they are brittle and reduce the thermal conductivity [17]. Even when not 

formed during production, such as in plasma sprayed coatings [7,9], they may form when applied in a fusion 

reactor at elevated temperature. In spark plasma sintered composites, they formed at temperatures around 

1100 °C [18]. They were also present in composites prepared by ultrafast sintering and have grown already at 

300 °C annealing temperature [19]. Therefore, tungsten-chromium may be considered as an alternative, as 

chromium properties are rather similar to stainless steel (Table 1). The slightly higher melting point and thermal 

conductivity of chromium and lower coefficient of thermal expansion are even more favorable for the 

application in plasma facing components. 

Representative cross sections of W-Cr composites are shown in Figure 7. Figure 7a) shows one of the earlier 

coatings, sprayed from a 25 % Cr mixture on a graphite substrate. Figure 7b) shows an optimized thicker 
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coating sprayed with an additional heating by the plasma torch between the individual deposition passes, to 

enhance the interparticle bonding. In both cases, relatively dense coatings were formed (porosity = 4 and 2 %, 

respectively) with even mixing of the tungsten and chromium particles. Mutual interdiffusion was observed - 

according to local EDS, Cr content was around 3 - 4 % in the W-rich particles and around 60 - 90 % in Cr-rich 

ones. In both coatings, the Cr content was about the same as in the feedstock. 

Table 1 Comparison of steel, chromium and tungsten properties (near room temperature) [15]. 

Property AISI 410 steel Chromium Tungsten 

Melting temperature (°C) ~1500 1860 ~3400 

Density (g/cm3) 7.80 7.19 19.3 

Young’s modulus (GPa) 200 248 400 

Thermal expansion coefficient 
(10-6/°C) 

9.9 6.2 4.4 

Thermal conductivity (W/m.K) 25 69 163 

  

Figure 7 Cross sections of tungsten-chromium coatings; a) mixture with 25 % Cr on a graphite substrate, 

b) mixture with 25 % Cr on a graphite substrate, sprayed with additional torch heating 

 

Figure 8 Cross sections of tungsten-chromium coatings before (a) and after (b) annealing at 1000 °C; 

c) relative concentration profiles of W and Cr across the lines shown in a) and b) 
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Thermal stability of the W-Cr coating from Figure 7a) was investigated by EDS line analysis at the same 

location before and after annealing. Figures 8a) and b) shows the region of interest; Figure 8c) shows the 

relative concentration profiles of W and Cr. From these, one can see that interdiffusion takes place only very 

locally, in a region smaller than a splat thickness. By comparing Figures 8a) and b), one can see that the W-

rich and Cr-rich phase boundaries are preserved. Some microporosity formation is observed in the Cr-rich 

phase. Therefore, one can conclude that this material combination exhibits higher thermal stability than the W-

steel composites presented in [19]. 

4. CONCLUSION 

Tungsten-steel and tungsten-chromium composites were prepared by RF-ICP plasma spraying, with the 

potential application as stress-relieving interlayers in plasma facing components of fusion reactors. This paper 

presents a ‘work in progress’, as only initial optimization of the spraying process was carried out. Tungsten-

steel coatings feature various degree of intermixing of the two phases and local inhomogeneities in porosity. 

In various coatings, the Fe7W6 intermetallic is present or absent, probably as a consequence of different 

deposition temperatures. The absence of substrate temperature measurement for the initial optimization trials 

has prevented its tighter control, but is now installed and the temperature effects are the subject of ongoing 

investigation. Some of the abovementioned issues might be related to the change in spraying geometry and 

substrate material. Tungsten-chromium composites generally feature higher density and homogeneity than 

the tungsten-steel ones. While the annealing experiment was not carried out at identical conditions as for the 

tungsten-steel composites, its results suggest a better thermal stability of the tungsten-chromium composite. 

Therefore, it can be considered as a prospective alternative to tungsten-steel. 
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Abstract 

Recently, as an alternative to chromate protective layers at aluminum and its alloys, worldwide are used 

nanoscale adhesive coatings, obtained from hexafluorozirconic and hexafluorotitanic acids. The present study 

is devoted to the technology of development of these coatings.  

The process of deposition of titanium, zirconium-containing coatings at aluminum alloy 5556 is developed. In 
the process of performing the work, the basic patterns of coating formation were identified. The solution 
composition and process parameters were optimized, and the physicochemical properties were investigated. 
It is shown that passivation of aluminum alloy 5556 in a titanium,zirconium-containing solution increases its 
corrosion resistance to pitting corrosion. These coatings can replace chromate coatings because of good ability 
to resist corrosion. 

It was found that the thickness of titanium-, zirconium-containing coatings is about 100 nm. 

Keywords: Corrosion protection, conversion coatings, titanium-containing coatings, zirconium-containing 

coatings, surface treatment, chromate-free passivation, rare earths 

1. INTRODUCTION 

Due to the presence of a thin natural oxide film, the surface of aluminum and its alloys is resistant against 
corrosion, so in some cases it can be used without special corrosion protection. However due to its small 
thickness the natural film on the surface of aluminum is frequently inadequate as the sole corrosion protection 
method, for example, in humid industrial atmosphere or in saltwater [1,2]. 

Protective and decorative electrochemical oxidation (anodizing), paint coatings, as well as complex coatings, 
consisting of the oxide film and a paint coating applied on top of it, depending on the alloy grade, the structure 
of the product, its purpose, working conditions and other factors can all be used as corrosion protection. 
Chemical oxide coatings have lower protective and adhesive properties than the electrochemical ones and 
thus don’t have a wide range practical applications.  

Conversion chromate coatings are widely used to create a thin adhesive layer as a base for paint coating on 

the surface aluminum and its alloys. Chromate adhesive coatings are also preferable when painting products 

with a complex profile, because, in the case of such products, anodizing is known to cause difficulties and thus 

requires additional spending and technical tricks [3-6]. 

It is known that chromate solutions are highly toxic due to the hexavalent chromium ions. The problem of 
replacing the chromating processes has become critical after the adoption of the European Directive 
2000/53/EC in 2000 restricting the presence of Cr (VI) compounds in conversion coatings [7], and in 2002 the 
amendments to the directive, which completely prohibits from July 2007 the presence of Cr (VI) in conversion 
coatings applied in the production of automobiles [8]. Similar directives have come into operation in China 
since March 1, 2007, and in South Korea since July 1, 2007. In addition, RoHS [9] and WEEE [10] prohibit the 
presence of Cr (VI) in metallic coatings of electrical and electronic equipment; the use of Cr (VI) limits the 
REACH regulation [11].  
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In the resent years in the world practice nanoscale particles obtained from hexafluorozirconic and 

hexafluorotitanic acids are more and more often used as an alternative to chromate layers [12-20]. Currently, 

world leading companies are actively developing the technologies necessary for production of such surfaces. 

The development of protective and adhesive titanium, zirconium -containing conversion coating application 

methods on 5556 alloy with the aim replacing toxic chromating processes in automobile industry is the goal of 

the current work. 

2. EXPERIMENTAL MATERIALS 

For the application of conversion coatings, samples of an aluminum alloy AA 5556 widely used in the 

automotive industry of the size of 3x4 cm were used. Solutions were prepared of pure and pro analysis grades 

of chemicals and distilled water. 

Developed cerium-containing coatings were compared in characteristics with chromate coatings, for 

application of which solutions based on Cr (VI): Na2Cr2O7 15 g/l were used; Na2CO3 60 g/l; T = 95 - 100 °C; 

20 - 30 minutes [21]. 

To accelerate the evaluation of the protective ability of conversion coatings, a drop-express method was used 

using an Akimov solution containing: CuSO4·5H2O 82 g/l, NaCl 33 g/l, 0.1 N HCl 13 ml/l. The PAA (Akimov's 

protective ability) of conversion coatings on aluminum or its alloys is estimated by this method as time (in 

seconds) before the color change at the surface under a drop from gray to black. 

The thickness of the coatings was determined by ellipsometric method using the spectroscopic ellipsometer 

SENreseach 4.0 from SENTECH [22]. In order to create a shiny surface for more precise measurement of the 

thickness of the protective layer, the aluminum alloy samples, after being chemically treated (degreasing, 

etching, lightening), were electrochemically polished in the solution of the following makeup (Table 1): 

Table 1 Solution composition and process parameters 

Chemical compound Mass fraction       (%) 

H3PO4 40 

H2SO4 40 

CrO3 6 

H2O 14 

Process parameters 

t, minutes 5 

T, ˚C 65-70 

i, А/dm2 25-50 

cathodes lead 

The adhesion of the coatings was determined by the normal detachment method using the PosiTest AT digital 

adhesion meter. The method is based on measuring the minimum breaking tension required to separate or 

rupture the coating in a direction perpendicular to the substrate surface [23]. 

Corrosion tests were carried out in a salt fog chamber Ascott S450iP in accordance with the international 

standard ASTM B117. 

Pitting corrosion tests were conducted immitating the saline marine environment with periodic or constant 

contact with sea water. The samples were immersed in a solution containing 3 % sodium chloride and 0.1 % 
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hydrogen peroxide. The results were assessed by the change in the appearance of the sample surface and 

the depth of corrosion lesions. 

3. EXPERIMENTAL WORK 

According to the literature, the solutions for the formation of titan-zirconium-containing compounds contain 

hexafluorotitanic and hexafluorozirconic acids as their primary components. [5-10]. 

3.1. Determination of the cerium-containing coatings depositing process parameters 

Acid concentration ranges, which allowed the formation of continuous coatings on the aluminum alloy surface 

with maximum protective capability have been determined. As can be seen from the diagram on Figure 1, the 

concentration of H2TiF6 in the solution should be in the interval of 1.2-6 g/L, and in the interval of 0.8-1.6 g/L 

for H2ZrF6 in which the protective ability is at its highest (60 - 69 s). 

 

Figure 1 Appearence of Ti, Zr-containg coatings according to the concentration of H2TiF6 and H2ZrF6 

Studies made it clear that allowable pH values of solution are present between 4.0 and 5.0 units. Outside this 

range, coatings are either not generated at all (рН ≤ 4.0), or they are nonuniform and broken (рН≥5). 

As can be expected, the protective ability of the coatings depends of the duration of their formation: Akimov 

protective capability rises during the first 60 seconds and then stabilizes (Figure 2). These is constant is 

consistent with the results of ellipsometric research (Figure 3). The coating thickness grows over the first 60 

s, then stabilizes at 100 nm. 

Studied is a solution temperature influence on properties of coatings. It is found out that solution heating up to 

40 °С doesn’t results in essential changes of outward appearance and defense capability of coatings, while at 

higher temperatures (>40 °С) their defense capability has been reduced. That’s why an interval of 18 - 25 °С 

has been chosen as a working range, and it was noted that the solution heating up to 40 °С (in a summer-

time, for example) is admissible. 
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Figure 2 Effect of treatment time on the coating protecteve ability 

 

Figure 3 Effect of treatment time on the coating thickness 

3.2. Tests of the coatings 

Saline fog chamber corrosion tests (ASTM B117) of aluminum alloy AMг6 samples with adhesive Ti, Zr-

containing coating have been conducted. The tests have shown that the protective properties of Ti, Zr-containg 

coatings formed in the developed solution satisfy the requirement, since the corrosion penetration breadth 

away from the cut does not exceed 2.0 mm after 750 hours of testing. It should be noted that according to 

corrosion properties in these coatings not only are equal to chromate coating, but also outperform them. 

Due to the fact that water-soluble paints are often used in modern painting technologies, the adhesive layers 

under the paintwork must be moisture resistant. The moisture resistance of the coatings was evaluated by 

reducing the protective ability after ten minutes of exposure in water. It was found that the protective ability of 

samples with a titanium, zirconium-containing coating practically does not change after moisture resistance 

tests, which means that the coatings remain moisture resistant. 
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The strength of paint adhesion for coatings on aluminum alloy with and without various adhesion sub-layers 

was determined by the detachment method (Table 2). The measurements were carried out before and after 

corrosion tests.  

Table 2 The results of tests for the adhesion strength of coatings were determined by the method of normal  

             detachment using the PosiTest AT digital adhesion meter. 

 

Adhesion strength                                   
(МPа) Adhesion change          

(%) 
Before corrosion tests 

After corrosion tests  
(750 h) 

Ti/Zr 2.32 2.17 6.5 

Cr(VI) 2.25 1.94 13.8 

АА5556 1.97 1.51 23.4 

Tests showed that the adhesion properties of the developed coatings formed in titanium, zirconium-containing 

solution are comparable with chromate analog. In addition, Ti, Zr-containing coatings have a minimum 

adhesion loss value of 8.3 % after corrosion tests.  

Corrosion tests (ASTM B117) of independent anticorrosive titan, zirconium-containing coatings in the saline 

fog chamber have shown that the coatings formed on 5556 aluminum alloy in Ti, Zr-containing solution have 

the highest anti-corrosion resistance. First corrosion pockets appeared after 170 hours of testing, whereas 

they appeared after 160 hours on chromate coated 5556 alloy, and after 24 hours on 5556 alloy. 

With the help of a confocal microscope it has been determined that after corrosion testing in a solution of 3 % 

NaCl + 0.1 % H2O2 non-passive aluminum surface has numerous pitting formations, which can get as deep as 

6 μm after 2000 hours of testing. Chromate passivation of aluminum alloy 5556 allowed to decrease their depth 

to 1 μm. As for aluminum alloy, samples passivated in the solution containing 6 g/l H2TiF6 and 0.4 g/l H2ZrF6 

turned out to be the most resistant. After the corrosion testing pitting formations where completely absent form 

their surface. 

4. CONCLUSION 

As a result, it was shown that the developed titanium, zirconium-containing coatings on aluminum alloy 5556 

in terms of their protective ability and adhesion properties are comparable to chromate coatings and can be 

an alternative to toxic chromate coatings in the automotive and other industries.  
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Abstract 

The disadvantage of magnesium alloys is their low corrosion resistance due to high electronegativity. One of 

the most effective methods to improve the corrosion resistance of magnesium alloys is to form a conversion 

adhesive coating on their surface, followed by applying paintwork materials. Chromatic coatings are widely 

used as adhesion layers under the paintwork before staining magnesium and its alloys. In recent years, in 

world practice, as an alternative to chromate layers on magnesium and its alloys, nanoscale conversion titan- 

and/or zirconium- containing, and cerium-containing adhesive coatings have been used. The present work is 

devoted to the development of the technology for producing these coatings. It has been established that the 

developed passivating coatings based on the AZ31B magnesium alloy are comparable with chromate coatings 

in terms of corrosion resistance and protective ability. It has been established that coatings with developed 

adhesive sublayers have a higher adhesion strength to the base compared to coatings with chromate adhesive 

sublayer. 

Keywords:   Titanium-, zirconium-containing coatings, cerium-containing coating, corrosion protection, 

magnesium alloy, adhesive coatings, conversion coatings, surface treatment, chromate-free 

passivation 

1. INTRODUCTION 

In recent years, there has been an increase in the use of magnesium alloys as structural materials, due to the 

unique combination of properties: low specific gravity, high strength, ductility, damping ability and 

manufacturability. They are non-magnetic, possess excellent heat dissipation and 20 times more resistant to 

vibration than alloy steel. However, the use of magnesium and its alloys without additional protection against 

corrosion is impossible, since it corrodes rapidly, especially in aggressive conditions. One of the most effective 

methods of corrosion protection of magnesium alloys is the paint application. To ensure good adhesion of 

these coatings to the metal, an intermediate adhesion conversion sublayer is used, which not only provides 

good adhesion to the substrate, but can also provide additional coating protection. Prior to staining of 

magnesium and its alloys, chromate coatings are widely used as adhesive layers under paintwork. At the same 

time, it is known that hexavalent chromium compounds are very toxic and are carcinogens [1,2].  

As an alternative to chromate layers on other metal surfaces, nanoscale conversion titanium/zirconium-

containing coatings and cerium-containing coatings have been increasingly used in recent years. In the 

literature there are some technologies for the application of functional coatings that do not contain chromium 

in their composition on magnesium alloys, however, the composition of solutions and process parameters are 

not disclosed by the authors. In this regard, the development of such solutions instead of chromating has 

become urgent for applying a conversion adhesive layer under LCP to magnesium alloys [3-12].  
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2. EXPERIMENTAL MATERIALS 

Magnesium plates AZ31B were used as samples. Before coating, the following surface preparation was carried 

out: 

1) surface etching in a solution consisting of: NaOH (40 g/l), Na2SiO3 (40 g/l) at T=25°C for 3 minutes; 

2) surface activation in a solution of nitric acid (HNO3 (20-50 g/l)) for 1 minute. 

After each stage, washing in distilled water was carried out. 

The protective ability of the coatings was determined by the express method using a solution of lead acetate 

Pb(CH3COO)2 10 g/l. The criterion for assessing the quality of the coating was the time until the color of the 

control area under the drop changed from gray to dark black for the magnesium base. 

Polarization measurements were performed using the IPC-Pro MF potentiostat in potentiodynamic mode at a 

sweep speed of 0.5 mV/s. Samples of magnesium alloy with a protective PC in the studied solutions were 

used as working electrodes. The electrode potentials were measured relative to the silver chloride electrode, 

and their values were converted to the normal hydrogen scale. 

The adhesion strength of the coatings was determined by normal separation method using a PosiTest AT 

adhesive meter. The method is based on measuring the minimum tensile stress required to separate or break 

the coating in a direction perpendicular to the surface of the substrate [14]. 

Corrosion tests of magnesium samples in combination with powder paint were carried out in a salt spray 

chamber of Ascott S450iP (Great Britain) in accordance with the international standard ASTM B117 [15]. The 

test was performed on stained samples with an X-shaped notch to the base metal, a width of not more than 

0.5 mm. Using compressed air, a 5 % NaCl solution was sprayed inside the chamber with the test samples in 

the form of fog. The samples were located in the chamber below the spray level of salt fog, which excluded 

the direct influence of salt fog on the samples. 

3. EXPERIMENTAL WORK 

Taking into account the literature information, solutions were prepared on the basis of hexafluorotitanic (H2TiF6) 

and/or hexafluorozirconic (H2ZrF6) acids, a nitrate salt of cerium [Ce(NO3)3·6H2O] and hydrogen peroxide 

(H2O2) as an oxidant. 

3.1. Determination of the titanium-, zirconium-containing coatings depositing process parameters  

The experiments carried out made it possible to determine the optimum concentration range of the solution 

components in which titanium-, zirconium-containing coatings are formed. It has been established that in the 

concentration range 0.2-1.0 g/l of hexafluorotitanic acid (H2TiF6), 1.5-2.0 g/l of hexafluorozirconic acid (H2ZrF6), 

1.5-2.0 g/l tartaric acid and 12-14 g/l of hydroxyethane diphosphonic acid (HEDP) in the solution, 

homogeneous continuous coatings with a protective capacity (PC) of 14-16 s are formed on the surface of 

magnesium alloy [16].  

As expected, the protective ability of coatings depends on the duration of their formation: it increases during 

the first 5 minutes of the process and then stabilizes. The presence of the coating in solution for more than 8 

minutes is undesirable, as this leads to a decrease in their protective ability and an increase in the corrosion 

rate of the metal base. 

The influence of the solution temperature on the properties of coatings was investigated and it was revealed 

that heating it to 40°C does not lead to significant changes in the appearance and protective ability of coatings, 

and at higher temperatures (>40°C) their protective ability decreases. Therefore, over the operating range, an 

interval of 18-25°C was chosen. 

Coatings of the best quality were obtained with titanium-, zirconium-containing coatings, when magnesium 
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samples were immersed in a working solution at room temperature, at pH = 4-5 for 3 minutes. Then the 

samples were dried at a temperature of 70-80˚С. 

3.2. Determination of the cerium-containing coatings deposition process parameters 

It has been established that in the concentration 10 g/l of cerium nitrate and 15-20 ml/l of hydrogen peroxide 

in the solution, homogeneous continuous coatings with a protective capacity of 11-15 s are formed on the 

surface of magnesium alloy. Studies have shown that the permissible pH values of solutions are in the range 

of 2.5-3.0. 

It was experimentally established that the formation of cerium-containing coating is completed within 0.5-1.0 

minutes, while the protective ability of coatings reaches maximum (15 s). 

The process temperature also affects cerium-containing coatings. It has been established that coatings of 

good quality are formed at a temperature of 40-50°C. At a temperature below 40°C, coatings do not form at 

all. 

It is established that addition of PEG 1500 in the amount of 1.0 g/l promotes better adhesion of the coating to 

the magnesium substrate. 

3.3. Tests of the coatings 

Using the PosiTest AT digital adhesion tester, the adhesion of paint coatings with adhesive titanium-, 

zirconium-containing and cerium-containing sublayers was determined. It was revealed that LPCs with these 

adhesive sublayers have a higher adhesion strength to the base compared to chromate coatings (Figure 1). 

The titanium-, zirconium-containing coating with the addition of HEDP adheres best to the surface of 

magnesium. Cerium coatings have less adhesion.  

 

Figure 1 The results of determining the adhesion strength of coatings to the substrate 

To assess the passivating effect of titanium, zirconium, and cerium compounds on a magnesium surface, the 

corrosion rate was determined electrochemically for the magnesium samples chromated and processed in 

titanium, zirconium, and cerium-containing solutions. Were obtained corrosion diagrams of these samples in 
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a solution of 5% NaCl. A comparison of the corrosion rate values found from the corrosion diagrams shows 

that the corrosion resistance of magnesium passivated in a titanium and zirconium-containing solution with the 

addition of HEDP is higher than that of chromated magnesium (Figures 2-3). Corrosion rates are 4.03 and 

4.71 mA/cm2, respectively. Cerium coatings also have a lower corrosion rate than chromate coatings. 

 
Figure 2 Polarization curves:  

1 - Cr-coating; 2 - Ce-coating; 3 - Magnesium without coating; 4 - Ti/Zr-coating+HEDP; 5 - Ti/Zr-coating  

 

Figure 3 The results of determining the corrosion rate in a solution of 5% NaCl 
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Corrosion tests (ASTM B117) of polyester powder-coated magnesium specimens with developed adhesive 

coatings were compared with chromate coating (Figure 4). Tests have shown that the developed nanocoatings 

in terms of protective ability satisfy the requirements for adhesive layers under the paintwork, since the width 

of corrosion penetration from the place of incision in these cases does not exceed 2 mm after 100 hours of 

testing. 

 

Figure 4 Results of corrosion tests (ASTM B117) 

In addition, the results show that despite their lower thickness, they are not inferior to chromatic coatings in 

terms of their protective characteristics. 

4. CONCLUSION 

As a result of this study, it was shown that the developed titan-, zirconium-containing coating and cerium-

containing coating on magnesium samples for corrosion resistance and protective ability are comparable to 

chromate coatings. 
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Abstract 

Thermally sprayed coatings are now used in many sectors of industry. In order to select the right material for 

a given application, it is necessary to know in detail the key properties of the coatings under consideration. 

Mechanical wear resistance is one of the most important and frequently sought properties. The aim of this 

work is to compare the properties of HVOF and Cold Sprayed coatings based on iron alloy (FeCrAlY), on 

tungsten carbide (WC-CoCr), on chromium carbide (Cr3C2-NiCr) and on Ni alloy (NiCr). The structure of 

coatings and their resistance to erosive wear by solid particles are analyzed and discussed. The 

microstructures of Cold sprayed coatings show better properties than HVOF sprayed coatings, especially in 

terms of porosity, oxides content and coatings homogeneity. 

Keywords: HVOF, Cold Spray, microstructure, erosion wear 

1. INTRODUCTION 

The aim of this study is to compare microstructure and solid particle erosion behavior of HVOF and Cold 

Sprayed coatings with different powder compositions. FeCrAlY coating is used as surface protection against 

corrosion at high temperatures (around 800 - 1000 °C). The high-temperature characteristics of this coating 

promote the formation of corrosion-resistant intermetallic phases, improving its properties and making the 

coating more resistant to an aggressive chemical environment [1]. Because of these properties, 

Fe24Cr8Al0.5Y coating is used in the engineering industry (protective coatings and coatings for heavy 

machinery), the most widespread application is a protective coating on ferritic/martensitic steels [2]. The 

coating based on tungsten carbide WC-10Co4Cr is, due to its strength and outstanding wear resistance, 

suitable for application in many industries where machine parts are subjected to intensive abrasive wear. 

However, its resistance only applies to temperatures to 450 - 550 °C [3,4]. The Cr3C2-25NiCr coating is used 

in high temperature applications up to 900 °C, due to the nickel-chromium alloy the coating is very resistant to 

corrosion and oxidation at higher temperatures till 900 °C [5]. In contrast, in most cases at room temperature, 

the HVOF sprayed C3C2-NiCr coating exhibits the lowest wear resistance for dry and wet abrasive and erosive 

wear [6]. In this work, Ni-based coatings are concretely Ni-20Cr coatings sprayed by HVOF and Cold Spray 

technology. This type of coating has high-temperature characteristics such as resistance to oxidation and 

corrosion at temperatures up to 900 °C [7]. According to Sidhu, the HVOF technology deposited NiCr coating 

is excellent in protecting against erosive wear [8]. The resulting properties of NiCr coatings, however, depend 

on the deposition technology used, in this work we will focus only on HVOF technology [7,8] and Cold Spray 

technology [9]. 
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2. EXPERIMENTAL PROCEDURE 

2.1. Materials and coatings deposition 

The HVOF sprayed coatings were all deposited onto carbon steel substrates and they were prepared from 

Amdry 9700 powder (FeCrAlY coating), WOKA 3652 powder (WC-CoCr coating), Amperit 588.074 powder 

(Cr3C2-NiCr coating) and Amdry 4535 powder (NiCr coating) by using HP/HVOF TAFA JP5000 spraying gun. 

The cold sprayed coatings were prepared in Impact Innovations company in Germany using Sandwik Ospray 

NiCr powder (10-32 µm mesh). The surface of carbon steel substrates (200×100×5) was grit blasted by Al2O3 

using Impact Innovation Cold Spray system. The coating thickness was about 1 mm based on data from prior 

optimization of spraying parameters. The Sandwik Ospray NiCr powder (5-25 µm mesh) had the same 

spraying parameters as powder with 10-32 µm mesh.  

2.2. Characterization 

2.2.1. Microstructure 

The microstructure of the coatings was evaluated on the coating cross-section prepared according to the 

standard method for metallographic sample preparation. The coatings were evaluated on a Nikon Epiphot 200 

optical microscope and a JEOL JSM 6490 LV scanning electron microscope. 

2.2.2. Solid particle erosion wear 

The device for erosion wear by solid particles was designed and constructed at the Research and Testing 

Institute in Pilsen. The device utilizes the kinetic energy of solid particles (Al2O3) that hit the surface of the 

coated samples due to the centrifugal force of the rotating disk. The angle of incidence of the particles on the 

sample is adjusted using the holders. The set angles of incidence of the solid particles were 15°, 30°, 45°, 60° 

and 90°, and two samples were tested at each angle, altogether ten samples. Selected parameters were used, 

such as a rotating disc speed of 47 m·s-1, an exposure time of 2 minutes and the Al2O3 as solid particles with 

a particle size of 212 to 250 µm [10,11]. After each wear cycle the samples were weighed and the values 

averaged. Three cycles were performed for each set of samples. 

3. RESULTS AND DISCUSSION 

The microstructure of the coatings is shown in Figure 1 and Figure 2. In Figure 1 are, FeCrAlY, WC-CoCr 

and Cr3C2-NiCr coatings sprayed with HVOF technology. The FeCrAlY coating has visible boundaries between 

individual splats, the porosity of the coating is minimal. On the other hand, the porosity of WC-CoCr coating is 

higher than FeCrAlY and the boundaries between splats are almost indistinguishable. Cr3C2-NiCr coating has 

indistinguishable boundaries between splats, the porosity is similar to that of WC-CoCr, this is expected 

because they are carbide-based coatings. At the same time, however, Cr3C2-NiCr coatings show darker and 

lighter spots in the coating, dark gray spots are Cr3C2 carbide and light NiCr matrix. Individual places change 

from place to place, the contrast of each area changes. Different shades of gray correspond to the different 

dissolution of carbide in the matrix, with the NiCr matrix always being the brightest point in the coating.  

In Figure 2, NiCr coatings are sprayed with HVOF and Cold Spray technology. As mentioned in the previous 

paragraph, HVOF-sprayed coatings have visible individual boundaries between splats. This can be seen in 

the coating a), which is sprayed with HVOF technology. This coating also has a higher porosity. Two other 

NiCr coatings are sprayed with Cold Spray technology. Both cold-sprayed coatings have only a slight pore 

appearance, and due to the homogeneity of the coatings, the boundaries of splats are indistinguishable. The 

only difference between the two cold sprayed NiCr coatings is the powder distribution, 10-32 μm for b) and 5-
25 μm for c). 
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Figure 1 Microstructure of coatings on scanning electron microscope: a) FeCrAlY coating, b) WC-CoCr 

coating, c) Cr3C2-NiCr coating 

The results of the solid particle erosion test are shown in Figure 3. It can be seen that all of these coatings are 

affected by the angles of incidence of the erodent. At the 90° angle, the highest volume loss was for the Cr3C2-

NiCr coating. This result is expected for this coating, due to the fact that with the perpendicular impact of the 

erodent, this coating undergoes brittle breach and release of carbide particles, which results in higher losses. 
Hard but brittle coatings show higher erosive wear with the perpendicular impact of erodent particles [12]. At 

all other angles of 60°, 45°, 30° and 15°, the HVOF deposited NiCr coating shows the highest volume losses, 

due to the weak boundaries between the individual splats (Figure 2a). The FeCrAlY coating has a similar 

course, whose smaller volume decreases increase with a lower value of the angle. The values of volume 

losses are lower than with the NiCr coating. The WC-CoCr coating does not have many differences between 

the angles as other coatings, due to its carbide structure, high hardness and toughness. Due to it is not as 

a) 

b) 

c) 
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dependent on the angle of incidence of the erodent as other coatings. For WC-CoCr and Cr3C2-NiCr coatings, 

a similar course of erosive wear can be expected, because they are both carbide coatings. This statement is 

to some extent fulfilled, especially at angles of 30° and 15°. The higher erosive wear of the Cr3C2-NiCr coating, 

especially at an angle of 90°, is due to its structure (Figure 1c) and its higher brittleness. NiCr coatings 

deposited with Cold Spray technology show the lowest erosive wear by solid particles of all the mentioned 

coatings, due to their high wear resistance and homogeneous structure. Of the two selected NiCr coatings, 

the coating with a particle size of 5-25 μm had the best results, which, thanks to the fineness of its particles, 

achieved the lowest overall erosive wear by solid particles.  

 

Figure 2 Microstructure of coatings on scanning electron microscope: a) NiCr coating (HVOF 

sprayed), b) NiCr 10-32 μm (Cold Sprayed), c) NiCr 5-25 μm (Cold Sprayed) 

a) 

b) 

c) 
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Figure 3 Solid particle erosion wear 

4. CONCLUSION 

The aim of this study was to compare microstructure and solid particle erosion behavior of HVOF and Cold 

Sprayed coatings with different powder compositions. The microstructure of the individual coatings differed 

due to the spraying technologies used. The differences between the coatings deposited with HVOF and Cold 

Spray were significant. In terms of coating homogeneity and porosity, selected coatings can be divided into 

three groups. FeCrAlY and NiCr (HVOF sprayed) coatings have clearly visible individual boundaries between 

splat and have lower porosity. For WC-CoCr and Cr3C2-NiCr carbide coatings, the individual phases of the 

coating are visible as light gray phases with NiCr or CoCr matrix and darker phases with WC or Cr3C2 carbides. 

In the case of NiCr coatings deposited with Cold Spray technology, the boundaries of individual splats are not 

visible, thanks to their completely homogeneous structure and the porosity of the coatings is minimal to zero. 

Due to the erosive wear by solid particles, the selected coatings behaved as expected due to their structure. 

The most worn was the HVOF NiCr coating, which had the highest volume losses at all angles except 90°. In 

terms of the highest volume loss behind it was the Cr3C2-NiCr coating, which had the highest volume loss of 

all coatings at an angle of 90°. On the contrary, NiCr Cold Spray coatings showed the lowest volume losses, 

due to the high erosive wear resistance related to its cohesion between individual splats and high ability to 

absorb the impact energy. Due to the size and overall fineness of the particles, the NiCr coating had the lowest 

volume losses of 5-25 μm. 
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Abstract 

Absorbing surfaces of solar receivers are coated with black chrome, which provides the surface of steel or 

aluminum tubes with good absorption properties. However, the chrome coating does not protect well against 

corrosion because of its high porosity and high internal stresses, which cause a cracking of coatings. In this 

paper, we investigated two methods for formation of black coatings on chemically formed Ni-P layers: etching 

in nitric acid and anodic treatment in a phosphoric acid solution. It was found that in the course of processing 

the black coatings, their roughness and porosity increase. It was shown that nickel oxides NiO and Ni2O3 and 

nickel phosphates are presented in the coating composition. It was established that the heat treatment 

increases the wear resistance and protective ability of black coatings.  

Keywords: Chemical nickel plating, ultra-black nickel-containing coatings, steel surface treatment, heat 

treatment of black coatings, Ni-P coatings, protective properties, roughness, XPS analysis of the 

composition 

1. INTRODUCTION 

Galvanic black coatings are used to absorb light in optical devices and collectors, which convert light energy 

into heat, as well as protective and decorative coatings for various products [1-3]. In most cases, black chrome 

and nickel coatings are used for these purposes [4-10]. Known disadvantages of chromium plating processes 

are the difficulty of implementation and high energy intensity, due to the need to heat solutions and losses due 

to the side reaction of hydrogen evolution. To obtain a chrome coating, you need to spend 3 times more 

electricity than for applying other galvanic coatings. In addition, the chrome coating poorly protects the steel 

from corrosion as it has high porosity, high internal stresses, leading to cracking of the coating [1]. 

Known processes of black nickel plating are less energy-intensive and easier to implement, but they have 

disadvantages such as low levels of protective ability, wear resistance, and poor adhesion to the substrate, 

especially to steel. As a rule, during the deposition of a black nickel-containing coating, a sublayer of copper 

or brushed nickel is first applied, on which a black coating is formed, consisting of hydroxides and sulfides of 

zinc and nickel, which are dispersed in the mass of metallic nickel. The thickness of such coatings does not 

exceed 0.5-1.0 μm, and the corrosion resistance is determined mainly by the corrosion resistance of the 

sublayer [3-5].  

A possible alternative to the process of electrodeposition of black chrome and nickel coatings is the process 

of chemical nickel plating [11-17]. A process feature is the application of uniform in thickness coatings onto 

complex parts. The resulting coatings are characterized by high corrosion resistance and hardness, which can 

be significantly increased by subsequent heat treatment. 

Therefore, the aim of this work is to study the technical processes of the formation of black coatings on the 

surface of chemically deposited nickel. 
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2. EXPERIMENTAL MATERIALS 

We used chemical reagents of grades “pur”, “ p.a.” and distilled water to prepare working solutions. 

The sheets of cold rolled steel measuring 3x4 cm were used as samples. 

The process of applying black coatings took place in two stages. At the first stage, a Ni-P coating from a 

solution of the following composition (g / l) was applied to steel samples: NiSO4•7H2O - 35; NaH2PO2*H2O - 

25; СH3COONa -18; С3Н6О3 - 34; C6H8O7 - 5. The duration of the process is 3 hours at a temperature of 90-

92 °C. At the second stage, the Ni-P coating was blackened due to etching in nitric acid or anodic treatment in 

phosphoric acid. 

The abrasion resistance of nickel-containing coatings was studied using a modernized Taber Elcometer 5135 

rotational abrasimeter. Coated flat samples were pressed against a felt disk with the same external load on 

both arms equal to 3.5 N / cm2. The abrasion of the samples was carried out during rotation of the felt disk with 

a rotation speed of 60 rpm. The abrasion resistance of the samples was evaluated by the number of cycles 

until the first signs of abrasion appeared. One cycle amounted to one full circle of felt disk [18]. 

Corrosion testing of coated samples was carried out in an Ascott S450iP salt spray chamber (UK) in 

accordance with ASTM B117.  

Morphological studies of the surface of coatings and determination of their roughness were carried out using 

an MPLAPONLEXT 100 objective using a LEXT - OSL 4100 confocal laser microscope.  

The composition of the surface layers was studied via X-ray photoelectron spectroscopy (XPS) [19]. Coated 

samples were fixed in a holder and placed in the pre-evacuation chamber of an OMICRON ESCA+ XPS unit 

(Germany). The samples were then transferred to the analyzer chamber, where the pressure was maintained 

at a level no higher than 8 × 10−10 mbar. MgKα radiation was used (1253.6 eV; power, 252 W). The pass 

energy of the analyzer was 20 eV. To allow for the charge of the samples, the position of the XPS peaks was 

standardized with respect to the C 1s peak of hydrocarbon impurities from the atmosphere; bonding energy 

Eb of the peak was assumed to be 285.0 eV. The spectra were decomposed after subtracting the background 

determined using the Shirley method [20]. The peak position was determined with an accuracy of ±0.1 eV. 

Component ratios were calculated using integrated intensities under the peaks while allowing for 

photoionization cross sections σ of the respective electron shells [21]. Using the integrated intensity of the 

peaks and the MultiQuant software program [22], the thicknesses of the layers formed on the surface were 

calculated with allowance for the mean free path of electrons λ, determined using the formula of Cumpson and 

Seah [24]. When analyzing the obtained spectra, it was considered that the analyzing beam penetrates the 

material to the depth of 5 nm, i.e. the resulting spectra correspond to a layer of material of 5 nm thick. 

3. EXPERIMENTAL WORK 

According to the literary recommendations, the formation of black Ni-containing coatings takes place in two 

stages: at the first stage, the Ni-P film is deposited, and then in one of two ways it becomes black: 

 etching in nitric acid (HNO3); 

 anode treatment in phosphoric acid (H3PO4). 

3.1. Determination of the parameters of etching process of Ni-P coatings in nitric acid 

It was found that the maximum black color on Ni-P coatings can be obtained at a nitric acid concentration of 6 

mol / L or higher, and the processing time is at least 5-5.5 minutes. As expected, the roughness during etching 

increased from 0.504 to 0.707 microns. 

Raising the temperature of the solution above 45 °C has a bad effect as the color does not become deep 

enough. It is important to note that at a temperature below 35 °C a black coating is not formed. 
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Photographs of the surface obtained with a confocal microscope indicate that this process is accompanied by 

the formation of microscopic conical pores perpendicular to the surface. Pore diameter, depth and distance 

vary from a fraction of a micrometer to several micrometers or from about one to several light wavelengths. 

Consequently, pores create a black appearance capturing any incident light in a wide spectral range. 

The photographs show the Ni-P coating before etching had a thickness of 30 μm. After etching, the thickness 

decreased to 7 μm, 2-3 of which is the formed black layer (Figure 1). Over 20 μm of the coating obtained in 

the first stage were etched. 

 

Figure 1 Photographs of cross sections of Ni-containing coatings before and after etching in nitric acid 

Using X-ray photoelectron spectroscopy, it was found that oxides of divalent and trivalent nickel, as well as 

compounds of nickel with phosphorus, are present on the surface (Figure 2). 

 

Figure 2 The individual XPS spectrum of Ni 

Based on the information received, we assume that the following reactions occur in the process, written using 

chemical equations (1), (2), (3), (4), (5) and (6). 

Ni + NO3- → NiO + NO2-                                                                                                                                       (1) 

2Ni + 3NO3- → Ni2O3 + 3NO2-                                                                                                                             (2) 

3P + 5HNO3 + 2H2O → 3H3PO4 + 5NO↑                                                                                                          (3) 

Ni2+ + 2H3PO4 → Ni(H2PO4)2 + 2H+                                                                                                                    (4) 

Ni2+ + H3PO4 → NiHPO4 + 2H+                                                                                                                            (5) 

3Ni2+ + H3PO4 → Ni3PO4 + 3H+                                                                                                                           (6) 

The black coatings were obtained using the treatment in nitric acid, but the significant drawback of this process 

is the large loss of non-ferrous metal during etching. 

- anode treatment in phosphoric acid (H3PO4). 
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3.2. Determination of process parameters for anodizing Ni-P coatings in phosphoric acid 

The dependence of the coating quality on the concentration of phosphoric acid and the voltage on the bath is 

investigated. It was experimentally found that the blackest coatings are formed at a concentration of 2.7 M and 

a voltage of 1.1-1.3 V for a duration of 9 minutes at a room temperature. 

Roughness indices were also obtained after anodic treatment in phosphoric acid. The roughness during 

anodization increases from 0.504 to 0.733 microns. 

It was found that after anodizing the Ni-P layer, a greater surface development is observed than in the case of 

etching in nitric acid. The number of pores is greatly increased. 

The coating thickness is etched less from 30 to 12 microns. The thickness of the black layer is only 0.4 μm 

(Figure 3). 

 

Figure 3 Photos of cross sections of Ni-containing coatings before and after processing in H3РO4 

The individual nickel spectrum showed that the composition of the black film also includes NiO, Ni2O3 and 

nickel phosphates (Figure 4). 

 

Figure 4 The individual XPS spectrum of Ni 

So, we can assume that the following reactions take place, which can be written using chemical equations (7), 

(8), (9), (10) and (11). 

Ni+PO43-→NiO+PO33-                                                                                                                                              (7) 

2Ni+3PO43-→Ni2O3+ 3PO33-                                                                                                                                       (8) 

Ni2+ + 2H3PO4 → Ni(H2PO4)2 +2H+                                                                                                                    (9) 

Ni2+ + H3PO4 → NiHPO4 + 2H+                                                                                                                         (10) 

3Ni2+ + 2H3PO4 → Ni3(PO4)2+ 6H+                                                                                                                    (11) 
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3.3. Tests of the coatings 

It should be noted that black coatings formed by these methods were characterized by smearing. The 

possibility of eliminating this phenomenon with the help of subsequent heat treatment of coatings is 

investigated. 

It is shown that coatings cease to be smeared during heat treatment in the indicated ranges. For nitric acid, 

this is 220 °C for more than half an hour. And for coatings blackened using anodic treatment in phosphoric 

acid, it is 190 °C for more than an hour and a half. 

In addition, it was revealed that during the heat treatment, the roughness of the coatings increases in both 

cases. When anodizing in phosphoric acid, the surface development is less than when etching in nitrogen: Ra 

= 0.865 and 1.212 μm, respectively. 

The wear resistance of the coatings was investigated. The number of cycles was evaluated until the first signs 

of abrasion appeared. Table 1 shows that coatings obtained by anodizing in phosphoric acid with subsequent 

heat treatment have the highest wear resistance. 

Corrosion tests have shown that these coatings also have the greatest protective ability. 

Table 1 Comparison of the functional characteristics of the resulting coatings 

Process  

Wear resistance of black 
coatings (number of cycles 

until the first signs of loss of 
black color appear) 

The protective ability of black 
coatings (Time until the appearance 
of corrosion products of the base, 

hour) 

Etching in HNO3 850 39 

Etching in HNO3 + heat treatment 11750 98 

Anodization in H3PO4 1050 45 

Anodization in H3PO4 + heat treatment 16000 130 

Electrodeposition of black nickel-
containing coating 

3000 50 

Electroplating black chrome coating 13000 120 

This table allows you to compare the studied coatings with black electroplated nickel and chrome coatings. It 

can be seen that the films obtained by anodic treatment in a solution of phosphoric acid followed by heat 

treatment turn out to be the best in both terms of wear resistance and protective ability. 

4. CONCLUSION 

As a result, methods have been developed for the formation of black layers on chemical coatings in the 

following ways: 

- 6М HNO3, Т (solution) = 40°С и τ process 5-7 min; 

- 2,7М H3PO4, U=1,1-1,3 V, Т (solution) = 20-40 °С. 

It was revealed that in the process of processing black coatings, an increase in roughness and porosity occurs. 

It was shown that the composition of the coating includes nickel oxides NiO, Ni2O3 and nickel phosphates. It 

was found that heat treatment increases the wear resistance and protective ability of coatings. 
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Abstract  

A lead was used in the past in a variety of applications for example for roofs of churches, garden ornaments, 

lead seals, and organ pipes. Lead alloys are susceptible to a corrosion attack in an environment containing 

volatile organic compounds especially acetic acid vapors. The source of acetic acid vapors is mainly wood, 

glued joints, some varnishes, plastics, and paints.  In the acetic acid vapors environment, the corrosion rate of 

Pb alloys rapidly increases.  The study of protective properties of acrylic coatings of lead (Paraloid 72, B48N 

a B44) in an environment containing acetic acid vapors was the aim of this work. The acrylic coatings were 

prepared with or without 1,2,3, - Benzotriazole (BTA). Painted lead samples were exposed in an environment 

containing acetic acid vapors for 8 weeks. The color change of lead surfaces was observed by a 

spectrophotometer during the exposition. The preservation effect of acrylic coatings were evaluated by the 

mass gain of lead samples during the exposition. The surface of the lead samples after exposition was 

observed by optical microscopy, and X-ray diffraction analysis. The research proved that the Paraloid B44 with 

BTA has the best protective properties of lead in an environment containing acetic acid vapors from all tested 

coatings. 

Keywords: Lead, corrosion, acrylic varnish, acetic acid, gain mass 

1. INTRODUCTION 

Historical museum collections contain a big amount of historical objects, which were made from lead or lead 

alloys. These objects are stored in museum depositaries with other historical objects.  Many historical objects 

are a source of volatile organic compounds. Other sources of these volatile organic compounds in depositaries 

are unsuitable packaging materials, wood, unsuitable coatings, and adhesives and etc. [1]. Lead is an 

amphoteric metal and has good corrosion resistance given by the formation of a passive layer on the lead 

surface. The passive layer is formed predominantly of α-PbO [2,3]. Active lead corrosion takes place in the 

presence of volatile organic acids in the atmosphere. Non-cohesive and soluble corrosion products are formed 

on the lead surface (e.g. lead formate or lead acetate etc.) [3,4]. The mechanism of lead corrosion in acetic 

acid vapor environment is described by the following equations [5]: 

Pb + 2CH3COOH + 1/2 O2 → Pb(CH3COO)2 + H2O                                                                                       (1) 

3Pb(CH3COO)2 + 2CO2 + 4H2O → Pb3(CO3)2(OH)2 + 6CH3COOH                                                                (2) 

Elimination of the lead active corrosion requires the elimination of volatile organic acid source from the 
environment [6] or protection of lead surfaces by the preservation layer. The aim of this work was to compare 
preservation layers resistance of acrylic varnishes Paraloid B72, B48N and B44 and to consider their use as 
lead corrosion protection of lead in acetic acid vapor environment.   
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2. EXPERIMENTAL  

10%, 7%, and 5% solutions of acrylic varnishes Paraloid B72, B 48N, and B 44 were prepared. The acrylic 

varnishes were dissolved in acetone with the addition of a corrosion inhibitor 1,2,3 - Benzotriazole (BTA) and 

without BTA. BTA was dissolved in ethanol and the solution was added into the solutions of acrylic varnishes. 

The concentration of BTA in the solutions of acrylic varnishes was 3 %. The viscosity of all preservation 

solutions was measured by dynamic vibrational viscometer AD SV-10 with the measuring range 0.3 - 10 000 

mPa.s. The lead samples 70x50x5 mm were used for the experiment. The chemical composition of used lead 

alloy corresponded to DIN 1719. The lead samples were grinded by sandpapers P80 - P800 and weighted. 

Then, the surface of the samples was coated by preservation solutions. The drying of preservation layers was 

48 hours at ambient temperature and then they were weighted again. The approximate thicknesses of 

preservation layers were calculated from weight differences. The lead samples were exposed in an acetic acid 

vapor environment for 8 weeks at room temperature and RH = 100 %. The source of acetic acid vapor was a 

solution of 0.01 mol.l-1 acetic acid. Ventilators ensured the homogenous environment in the experimental 

boxes. The color change of lead surface was observed only for 10% solutions of acrylic varnishes before and 

after application of the preservation layers coating and after exposition. The color change of lead surface was 

measured after the exposition on the selected places of samples without visible corrosion products. The color 

change was observed by spectrophotometer Minolta CM 700d with CIELAB color space. The corrosion rate 

of lead samples was observed by the weight gain of corrosion products on the lead surface. The weight gain 

was measured after the exposition. All presented results are the average value of four measurements except 

for solution viscosity determination. The value of viscosity of all preservation solutions was measured only one 

time. 

3. RESULTS AND DISCUSSION 

3.1. Viscosity 

  

The highest viscosity has the acrylic varnish B48N and the smallest viscosity has the acrylic varnish B72 at all 

observed concentrations. The comparable values of viscosity with acrylic varnish B72 has also acrylic varnish 

B48N at 5% and 7% concentration (Figure 1). The addition of BTA hasn´t a significant influence on the 

viscosity of the acrylic varnishes solutions (Figures 1, 2).  

3.2. The thicknesses of preservation layers 

The thicknesses of preservation layers on the lead samples increase with the increasing viscosity of acrylic 

varnishes solutions and the addition of BTA hasn´t significant influence on it (Figures 3, 4). 
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3.3. The corrosion resistance of lead samples in an acetic acid vapor environment  

The smallest resistance of preservation layers formed by acrylic varnish B72 was observed at all tested 

concentrations (Figure 5). The copolymer of Methyl acrylate (MA) and Ethyl methacrylate (EMA) in 30 (MA): 

70 (EMA) ratio is the main component of the acrylic varnish B72. EMA is insoluble in water but on the other 

hand, solubility of MA is 5 g/ 100ml H2O at 20 °C [7]. The acrylic varnish B72 viscosity is the lowest at all three 

tested concentrations (Figures 1, 2) and the thicknesses of preservation layers of B72 are the smallest of all 

tested acrylic varnishes (Figures 3, 4). Therefore, the acrylic varnish B72 has probably the smallest resistance 

in an acetic acid vapor environment with high humidity comparing with the other tested varnishes (Figure 5). 

The reason for the two times higher weight gain of lead samples with the 5% B72 preservation layer comparing 

with the lead samples without preservation layer is probably the high number of defects in the 5% B72 

preservation layer, high humidity, and an acetic acid vapor environment containing oxygen. This combination 

probably leads to faster damaging of lead passive layer with the 5% B72 preservation layer comparing with 

the lead samples without the 5% B72 preservation layer (Figure 5).  

The copolymer of Butyl acrylate (BuA) and Methyl methacrylate (MMA) in 25 (BuA): 75 (MMA) ratio is the main 

component of the acrylic varnish B48N. The solubility of BuA is 0.14 g/100 ml H2O [7] and MMA is 1.5 g/100 
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ml H2O at 20 °C [7]. The acrylic varnish B48N viscosity is the highest at all three tested concentrations  

(Figures 1, 2) and the thicknesses of preservation layers of B48N are the greatest of all tested acrylic varnishes 

(Figures 3, 4). Therefore, the acrylic varnish B48N has probably the highest resistance in an acetic acid vapor 

environment with high humidity comparing with the other tested varnishes (Figure 5). 

Methyl methacrylate (MMA) is the main component of acrylic varnish B44. The solubility of MMA is 1.5g/100ml 

H2O at 20 °C [7]. The viscosity and thickness of B44 preservation layers are comparable with the viscosity and 

thickness of B72 preservation layers at 5% and 7% concentration (Figures 1 - 4). Higher viscosity and 

thickness were observed only at the 10% B44 preservation layer (Figures 1 - 4). 

The weight gain of lead samples with the 7% and 10% B44 preservation layer is comparable with the weight 

gain of lead samples with the 7% and 10% B72 preservation layer (Figure 5). However, the weight gain of 

lead samples with the 5% B44 preservation layer is three times lower than the weight gain of lead samples 

with the 5% B72 preservation layer. The main reason is probably the less number of defects in the 5% B44 

preservation layer and the smaller solubility of MMA in water comparing with the solubility of MA, which is one 

of the main components of B72 acrylic varnish (Figure 5).  

The addition of BTA in all tested acrylic varnishes significantly decreased the weight gain of all lead samples 

(Figure 6). The corrosion inhibitor BTA formed the adsorbed molecular layer on the lead surface [8]. This layer 

was a barrier between the experimental environment and the lead surface and significantly protected the lead 

surface in the places of defects of all tested acrylic varnishes (Figure 6). 

3.4. The color differences of lead surfaces 

  

The conservation layer of all tested acrylic varnishes led to the significant darkening of the lead samples after 

coating and the smallest darkening was observed after using B48N preservation layer (Figure 7). The lead 

surfaces were 5 - 10 % darker after exposition comparing with the coated lead surfaces before exposition 

(Figure 7). After the exposition, the all coated lead samples were 7 - 11 % darker compared with the standard 

without a preservation layer (Figure 7). 

The addition of BTA in all tested acrylic varnishes significantly increased darkening of the lead samples 6 - 12 

% after the exposition comparing with the lead samples, which were coated only by acrylic varnishes without 

BTA (Figure 7, 8). After the exposition, all preservation layers with the addition of BTA led to 15 - 19 % 

darkening of the lead surfaces compared with the standard without a preservation layer (Figure 8). 
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4. CONCLUSION 

The resistance of the three types of acrylic varnishes (B72, B48N, and B44), which was used as lead 

preservation layers, were tested in the acetic acid vapor environment.  

The acrylic varnish B48N has the highest resistance in the acetic acid vapor environment. The smallest 

darkening of the lead surface was observed after using the preservation layers B48N comparing with the other 

tested varnishes. On the other hand, the viscosity of B48N preservation layers is the highest of all. It means 

that the acrylic varnish B48N is applicable for a smooth lead surface without narrow and deep relief details. 

The 7% and 10% solution of acrylic varnish B44 has also high resistance in the acetic acid vapor environment. 

But, the higher darkening of the lead surface was observed after using the preservation layers B44 comparing 

with the acrylic varnish B48N. On the other hand, the viscosity of B44 preservation layers is lower than the 

viscosity of B48N preservation layers. It means that the acrylic varnish B44 is more applicable for a lead surface 

with narrow and deep relief details.   

The addition of corrosion inhibitor BTA to all tested solutions of acrylic varnishes significantly increased 

corrosion resistance of lead in an acetic acid vapor environment. However, the surface of lead samples was 

much more tarnished after exposition comparing with lead surfaces, which were coated with acrylic varnishes 

without BTA. 

The acrylic varnish B72  with the addition or without the addition of corrosion inhibitor BTA  has the worst 

resistance in an acetic acid vapor environment at all tested concentrations. 
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Abstract 

One of the main benefits of ultrashort laser micromachining is the possibility of preparing various surface 

structures, including a diversity of shapes and dimensions. The goal of this paper was to fabricate hydrophobic 

surface structures and to study coherency between the wettability and antibacterial properties of these 

structures for their further ways of application. The picosecond laser with a galvanometer scanner was used 

in the experiment for the fabrication of several types of surface structures. The next part of the experiment was 

testing of fabricated structures. Their wettability and antibacterial properties were tested and analyzed during 

several months. Tests showed that the fabrication of surface structures changed the wettability of the tested 

samples (the samples became more hydrophobic) and also showed that these structures affect their bacterial 

properties. 

Keywords: Picosecond laser, stainless steel AISI 316L, wettability, hydrophobicity, antibacterial properties 

1. INTRODUCTION 

Nowadays, the laser technologies belong between technologies that are very innovative. By using laser, it is 

possible to fabricate microscopic entities in a very short time with very high accuracy. Specific changes of 

surface structure can cause the transition of the physical and chemical properties of the surface. These 

controlled changes of surface properties could be useful in many industries such as machine, medical, 

energetic industry, etc. 

Wettability represents a property of surface which describes the ability to adhere or repulse liquid to/from the 

surface. The most used quantity to describe the wettability is the contact angle (CA). It is defined as the size 

of the angle between surface and tangent to the surface of the liquid droplet. The surfaces can be divided into 

three main groups according to the size of their CA: hydrophilic surfaces (CA < 90°), hydrophobic surfaces 

(90° < CA > 150°) and superhydrophobic surfaces (CA > 150°) [1,2]. Hydrophobic surfaces have a wide range 

of applications, e.g., anti-icing surfaces of airplane wings, easily washable surfaces, surfaces of medical 

equipment, etc. [3,4]. In terms of the process of contact angle measuring, there are several different methods 

(e.g., sliding angle measurement, the CA hysteresis measurement, the static contact angle measurement, 

Wilhelmy balance method, etc.). One of the most used methods is the static contact angle measurement 

method [5]. 

Bacterial adhesion process comprises the initial adhesion and the main adhesion to the surface. Many factors 

such as properties of the bacteria, conditions of the surrounding environment, properties of the surfaces 

influence the initial adhesion. The main adhesion can be amplified or inhibited by properties of surfaces, 

including topography of surface. This main adhesion is divided into two phases. First phase is very quick and 

it represents only the primary interaction between bacteria and surface. During the second phase, specific and 

nonspecific interactions occur between proteins on the surface of the bacteria and binding molecules of the 
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material. Studies show that some bacteria species are attracted by hydrophilic surfaces (e.g., Staphylococcus 

aureus, Escherichia coli), while other are attracted by hydrophobic surfaces (e.g., Pseudoxanthomonas 

taiwanesis, Staphylococcus epidermidis). It was also observed, that superhydrophobic surfaces reduce the 

bacterial adhesion, probably because of the air bubbles that are created in surface microstructures [6,7]. 

The hydrophobic surface structures may consist of different types of shapes. Some of them are inspired by 

nature (e.g., lotus leaf hierarchical structures), however, commonly used geometric entities in the fabrication 

of hydrophobic structures are grooves, micro holes, papillae, etc. [8-12]. 

2. EXPERIMENTAL SECTION  

The experiment consisted of designing and 

fabricating eleven surface structures  

(Figure 1) which should change the 

wettability of testing material. Dimensions of 

fabricated structures were from 10 µm up to 

150 µm. The stainless steel AISI 316L was 

chosen as the testing material. The chemical 

composition of test material is shown in  

Table 1. Designed structures were fabricated 

by Nd: YAG picosecond laser with these 

properties: wavelength = 532 nm, duration of 

pulses = 13 ps, frequency =200-1000 kHz, 

average laser power = 12 W. 

Subsequently, fabricated structures were 

tested. The wettability of samples was 

analysed in the first round of testing by using 

the static contact angle measurement 

method. Therefore, the device Drop Shape 

Analyzer - DSA30E with distilled water as a 

testing medium was chosen. The volume of 

used droplets of distilled water was 1 μl. 

Each fabricated structure was tested during 

two months to observe changes in the CA 

over time. The time between each 

measurement was approximately one week. 

Each sample was tested on five different 

spots and the average of the measured values was used as a result value. 

Table 1 The chemical composition of stainless steel AISI 316L (m%) [13] 

C Mn Si Cr Ni Mo P S 

max. 0.03 max. 2.00 max. 1.00 16.5-18.5 10-13.0 2-2.5 max. 0.045 max. 0.03 

During second round of testing the antibacterial properties of fabricated structures were tested. Antibacterial 

properties of 2 out of all 11 structures (the most hydrophobic and less hydrophobic structure) and a reference 

sample for comparison were analyzed. The dimensions of these chosen surface structures were from 10 µm 

up to 23 µm. The principle of testing was that saline solution that contained bacteria Streptococcus Aureus 

was deposited on the surface of the tested samples. After that, the samples were left for five hours at room 

temperature for growing and adhesion of bacteria to the surface. Then the samples were washed to remove 

Figure 1 Designed surface structures 
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non-adherent bacteria of the surface. The process of washing was carried out in two ways. The first way was 

done by physiological saline solution only. The second way was done by physiological saline solution in 

ultrasonic purifier (Figure 2). This testing was done for each type of structure five times (always with different 

samples) for the credibility of the measured data. After that, the samples were examined under the microscope. 

Then the images that were obtained by the microscope were evaluated by software NIS - Elements BR in 

order to detect the amount of bacteria that have deposited on the samples. 

 

Figure 2 Washing of the samples. Left - washing by physiological saline solution in ultrasonic purifier, 

right - washing by physiological saline solution only 

3. RESULT AND DISCUSSION 

3.1. Wettability 

A graph with values from measurement was made for better observation of changing contact angle and for 

comparison of fabricated structures with original surface (Figure 3). 

 
Figure 3 Evolution of CA of surface structures during time 

Based on the wettability testing, it was shown that 10 out of 11 structures became hydrophobic within the 66 

days. Also, it is shown that CA of surface structures that were made by the picosecond laser were not constant 

immediately after the fabrication. The values of CA became stable after some period of time. This problem can 
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be caused by ongoing chemical reactions on the surface which were started after the interaction of the surface 

with the laser beam. This problem can be solved by the chemical coating of the surface structures immediately 

after their fabrication [14]. 

3.2. Antibacterial properties 

Three samples were chosen for testing of antibacterial properties (sample of the original surface, the sample 

of structure no. 3 (CA = 113.94°) and the sample of structure no. 4 (CA = 84.43°)). Figure 4 shows the number 

of bacteria (green dots) that were on the samples after the washing processes. Images made by microscope 

were analysed by the software NIS - Elements BR and the data obtained by this software was 

graphed (Figure 5). 

 

Figure 4 Examples of the images which were analysed by the software NIS - Elements BR. A) Washing by 

physiological saline solution in ultrasonic purifier, B) Washing by physiological saline solution only. 

1 = Original surface, 2 = structure no. 3, 3 = structure no. 4 

 

Figure 5 The quantity of bacteria for three samples. A) Washing by physiological saline solution in ultrasonic 

purifier, B) Washing by physiological saline solution only 

The testing showed that fabrication of surface structures has significant influence on bacterial properties of the 
surface. The CA of both samples (no. 3, no. 4) was higher than the CA of original surface. It is possible to 
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notice that higher CA of samples correlates with the higher amount of bacteria adhered to the surface. Neither 
one of the both studied surface modifications did not enhance the antibacterial properties of samples in the 
case of Streptococcus Aureus. These results indicate that Streptococcus Aureus is possibly the specie of 
bacteria that is attracted by hydrophobic surfaces. These modified surfaces can be used, for example, in the 
manufacture of containers which are used for the cultivation of bacteria or in the production of water purifiers 
where filters with these modified surfaces could capture bacteria and thereby support bioremediation effects. 
These findings are limited because antibacterial properties of only 2 surface modification were studied and it 
is possible that antibacterial properties of surface probably could not be connected only to the wettability, but 
to many other attributes, for example the type of used material, dimensions and shapes of surface structures 
etc. 

4. CONCLUSION 

Eleven different surface structures were designed and prepared using a picosecond laser. Subsequently, the 

wettability of all 11 surface structures and antibacterial properties of 2 of them were tested. The wettability of 

the samples was analysed during the 66-days-long period of time and it was noted that values of CA are not 

constant immediately after the fabrication. Ten of all structures were found hydrophobic after 66 days. In terms 

of the antibacterial properties, it was observed that the modified surfaces were more appropriate for the 

bacterial adhesion of Streptococcus Aureus than the original surface. This finding offers new possibilities for 

using these surface structures such as water purifiers, containers for bacterial growth, etc. 
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Abstract  

Plasma nitriding applied after a non-conventional treatment in magnetic field to the steel used in industry, have 

been studied in this paper. It has been demonstrated that the energy of the magnetic field intervenes in the 

balance of the global power of the phase transformations in solid state altering the thermodynamics, kinetics 

and the mechanisms of processes, the structures and some properties of the steel. The samples have been 

tested using an Amsler stand for wear tests (dry friction) and the diffractometric analysis completed this study. 

The plasma nitriding plant used was named the INI 150, was made by the Institute of Radiation Physics and 

Technology in collaboration with the "Electrotechnics" Enterprise and the Nuclear Apparatus (ICEFIZ) from 

Romania and was destined for technological research, but can also be used for industrial nitriding of small 

pieces. INI 150 was based on the physical phenomenon of a double cathode at plasma (ion) nitriding. The 

paper is a review of my researches from the last years. 

Keywords: Plasma nitriding, thermo-magnetic treatment, steel, wear tests 

1. INTRODUCTION 

Process of ion/plasma nitriding, also known as glow discharge nitriding, was implemented into industrial 

practice in the 1960‘s and 1970‘s. The first commercial applications have been made in the 1930‘s and in the 

Second World War, taking account the Berghaus Patent since 1938 [1]. Plasma nitriding is a thermo-chemical 

treatment with diffusion process and the interaction of the nitrogen with the basic material - a steel grade 

hardened and tempered - lead to structural constituents whose nature determines a major hardness of the 

nitrided layers. The thermo-chemical treatment modifies the grain limit and the resistance of the steel. For 

instance, the mechanical properties of the steel -as the wear process- can be significantly improved and the 

hardness of the tool steels can be double on the surface. 

In this paper was studied the effect of the magnetic field applied on the improvement treatments before the 

ionic nitriding. A thermo-magnetic treatment applied before plasma nitriding modifies the characteristics of the 

mechanical resistance of the steel, the hardness and the resistance of the corrosion process. The magnetic 

field applied during the part of the improvement treatment of the steel grade lead to appear mechanical 

oscillations triggered by Magnetostriction. The energy of the magnetic field may intervene in the balance of 

global power of the phase transformations of solid state altering the thermodynamics, kinetics and the 

mechanisms, the structures and properties of the steels [2,3,5]. The magnetic field applied leads to a 

decreasing of the residual austenite amount (Arez) during the annealing/hardening treatment of the gearing or 

tools steels, according to the literature [5]. According to [2,3,5], was calculated that 30 % of Residual Austenite 

(Arez) in a hardened steel with 1.1% C and 8% Ni contents, was transformed by returning to 36 °C in 30 

minutes, while the same steel with the same amount of the residual Austenite was transformed by the treatment 

in magnetic field by returning to 360 °C in 24 minutes. Sputtering is a phenomenon that can be finds at the 

interaction of the glow discharge with the cathode. The pressure of the gases in plasma nitriding process 

ranges between 0.1and 5.0 mbar. The sputtered atoms circulate above the cathode in the form of a dust [7]. 
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Some of the atoms are redeposited on the cathode while others are dispersed in the system [6,7]. But it is 

possible that this phenomenon can provokes an excess of atoms which want to return to the surface and this 

situation might be detrimental of the nitriding process [8]. The mechanism of heat transfer during heating of 

the cathode in a glow discharge is very complex.  

In this short review of the own researches in the non-conventional treatments in magnetic field domain, it have 

been demonstrated that a magnetic field which is overlapped during the cooling in case of the heat treatments 

determines the modification of the structure of the material.  

2. MATERIAL AND EXPERIMENTAL PART 

For the experimental procedure, the samples have been realized as rollers from a steel grade for improvement 

treatment for machine parts construction with the following principal content: 0.42 % C, 0.02% Al, 1.02 % Cr, 

0.17 % Mo, 0.68 % Mn, 0.22 % Cu, 0.33 % Si, 0.26 % Ni, 0.030 % P, 0.026 % S. The first part from the complex 

program of treatments consisted of thermo-magnetic treatments. The second part of the treatments consists 

in the applying the thermo-chemical treatment in plasma. There are mentioned the following treatments which 

have been selected for different samples: Treatment T1 represents a hardening at 850 °C and a high tempering 

treatment at 580 °C, with cooling in water - being the classic improvement treatment followed by a plasma 

nitriding at 530 °C; Treatment T2 represents a complete martensitic hardening in weak alternative magnetic 

field with the intensity H = 920 A/m and a high tempering with cooling in water in strong magnetic field, followed 

by a plasma nitriding treatment at 530 °C; The Treatment T3 represents a martensitic hardening and a high 

tempering with cooling in water in strong magnetic field (alternative current), followed by a plasma nitriding 

treatment at 530 °C. Plasma nitriding process had a duration by seven hours, depending by the dimensions of 

the samples [3,11]. The third part of the experimental program consists in dry wear tests, friction processes 

realized with an Amsler machine. The samples have been analyzed using the diffractometric analysis which 

completed this study.  

3. RESULTS AND DISCUSSION 

After every hour of wear tests, the samples were subjected to diffractometric Analysis. In Figures 1 - 3 were 

presented difractometric aspects regarding the plasma nitrided layer in the cases of the treatments T1, T2 and 

T3 [3].  

 

Figure 1 Diffractometric fragment corresponding to 

nitrided layer in the case of T1 classic treatment 

 

Figure 2 Diffractometric aspects corresponding to the 

samples subjected to non-conventional treatment T2 

 

Figure 3 Diffractometric aspects corresponding to 

the samples subjected to non-conventional 

treatment T3 

It can be observed that in the case of non-conventional 

treatments in magnetic field applied before plasma 

nitriding, the amount of Fe3N and Feα (M) in superficial 

layer increased. This is a reason to observe that the non-

conventional treatment - an improvement treatment in 

magnetic field - applied before thermo-chemical 

treatment determines the increasing of the hardmess 

and the wear resistance of the steel. 
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In Figures 1 - 3, in the case of the samples treated with T2 treatment, the amount of martensite is highest 

compared to other samples (corresponding to T1 or T3 treatment). The percentage of carbon (% C) being the 

average for the analyzed steel (up to 0.6 %), the evolution of the degree of tetragonality of martensite in certain 

processes or over time can be controlled by the evolution of the diffraction line (211) [2,3,11]. 

In Figure 4 was presented the evolution of the micro-hardness (Vickers) of the steel, in the case of non-

conventional treatments T2 and T3. The thickness of the white (nitrided) layer (DGR1) increased in the cases 

of non-conventional treatments T2 and T3. The morphology of the nitrided layers depends on the core 

microstructure resulting from the transformation of chromium carbides into chromium nitrides. Microstructures 

must be stable during the nitriding treatment. 

 

Figure 4 Microhardness (HV) versus the thickness 

of the superficial layers (DGR1) in the cases of the 

non-conventional treatments T2 and T3 

Notations: HVT2 = micro-hardness of the samples 

treated with T2 treatment; HVT3 = micro-hardness 

of the samples treated with T3 treatment; GDR1 = 

the thickness of the plasma nitride layer. 

The mechanical properties of the nitrided layers are 

directly linked to the microstructure and 

precipitation phenomena that occur during nitrogen 

diffusion. With the increasing of the hardness, the 

compressive residual stresses are generated due to 

phase transformation and/or precipitation. Three 

hours of wear tests have been applied after plasma 

nitriding. After each hour have been made 

diffractometric analysis on Dron 3 from Faculty of 

Engineering Laboratory, Dunarea de Jos 

University, Galati, Romania. 

In Figures 5 (a, b, c,) were presented the distribution of the phases in superficial layers in three cases: Classic 

treatment without magnetic field (T1), non-conventional treatment totally in magnetic field followed by plasma 

nitriding (T2) and in case of non-conventional treatment with cooling in magnetic field-Alternative Current 

followed by plasma nitriding (T3).The properties of the nitrided layer depend on the nature of the nitride phases. 

With the increase in nitriding temperature, the duration of nitration is reduced, but the hardness of the nitrided 

layer decreases due to the coalescence of the alloying elements. Studying fragments from diffractograms, the 

following aspects have been observed: the evolution of residual austenite (A rez) - which is on diffractograms 

between the odds: 38˚ - 47˚, martensite (M) - located in the range: 81˚ - 92˚ and a series of nitrides that improve 

through their presence in the thermo-chemically treated surface layer by ionic nitration, the wear resistance 

characteristics of the analyzed steel. The martensitic phase - in the range (44˚ - 45˚) - in the superficial nitride 

layer, besides the Fe3N and Fe4N phases, provides the layer with a good hardness and a wear resistance 

higher than the investigated samples treated classically. 

Martensite (M) is a tough constituent, and the martensite with nitrogen (phase α) is the most durable and 

hardness phase in the nitrided layer [3,10,11]. Martensite is a solid carbon solution in Feα, which has a large 

amount of dissolved carbon, giving it a high hardness. It is worth noting that the Fe2N (ξ) phase - which has a 

rhombic structure (deformed structure of the phase ε) and a low hardness, does not appear in the structure of 

the studied steel. Within the accuracy limits of the DRON 3 diffractometer, there was no evidence of this phase. 

Due to friction wear tests, it was possible to study the depth distribution of the Fe3N and Fe4N phases in the 

superficial layer. The distribution of Fe3N and Fe4N phases on the plasma nitrided layer is uneven, which 

demonstrates that, no matter how careful we are, the nitriding process does not flow uniformly, being 

influenced by several factors, especially the nature of the nitrided material. 
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a) 

 

b) 

 
c) 

Figure 5 Phases distribution (IFe4N; IFe3N) in the 

superficial layer, after plasma nitriding process for the 

samples: a) subjected to T1 treatment, during wear 

tests for Q = 750 N, ξ = 10 % [3]; b) subjected to T3 

treatment, during wear tests for Q = 750 N, ξ = 10 %; 

c) subjected to T1 treatment, during wear tests for Q 

= 1500 N, ξ = 20 %. 

 

 

a) 

 

b) 

 
c) 

Figure 6 Internal tensions of second order (BFe4N; 

BFe3N) in the superficial layer after plasma nitriding 

process, for samples: a) subjected to T1 treatment, 

during three hours of wear tests for Q = 1500 N, ξ = 

10 %; b) subjected to T1 treatment, during three 

hours of wear tests for Q = 750 N, ξ = 10 %; c) 

subjected to T2, for Q =750 N, ξ = 10 %. 

 

The tensions of second order corresponding to the Fe3N phase no longer have a high cyclical magnitude as 

for the non-magnetic field treated samples. This variation can be considered a branch of a cyclical variation 

(oscillating), but this fatigue stress cycle is much lower than the classically treated samples, stretching over a 

much longer wear load interval (see Figures 6 a, b, c). Therefore, the "fatigue" of the Fe3N phase is greatly 

reduced and eliminates the possibility of exfoliating the hard layer - plasma nitrided, the sample behaving very 

well in the friction wear - times much longer than the classic treated sample. At the same time, a change in the 

distribution of the Fe4N phase comparing to Fe3N in the superficial layer is observed. Thus, at the classically 

treated sample, the distribution is cyclic, the greater evolution is at the Fe4N comparing to Fe3N phase, which 

gives the superficial layer a hardness and resistance to wear (Fe4N phase being a hard phase, more than 

Fe3N). In the T2 - treated sample case, the evolution of the Fe3N and Fe4N phases in the plasma nitrided layer 

is evenly increasing - especially in the case of Fe4N - which is a positive thing regarding the increase of the 

wear resistance and the hardness of the nitrided layer, while the evolution of the distribution the Fe3N phase 

is down. In table 1 have been presented results of the researches corresponding to classic treatment (T1) and 

a non-conventional treatment (T2) [3]. 
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Table 1 Results corresponding to classic treatment (T1) and a non-conventional treatment (T2)   

Code 
samples 

~ % 

IFe3N 

~ σII 

BFe3N 

~ % 

IFe4N 

~ σII 

BFe4N 

~ c/a 

B211 

t  

[h] 

Q 

 [daN] 

ξ  

[%] 

Treatment 

1.2 4 2.66 18 1.80 0.896 0 - - T1 

1.2 6 3.00 22 2.44 0.894 1 75 10 T1 

1.2 4 2.00 14 2.56 0.894 2 75 10 T1 

1.2 4 2.53 19 3.16 0.893 3 75 10 T1 

2.2 14 2.80 14 1.92 2.22 0 - - T2 

2.2 14 1.33 22 2.44 2.51 1 75 10 T2 

2.2 10 2.00 22 2.58 2.05 2 75 10 T2 

2.2 10 2.5 15 2.50 2.54 3 75 10 T2 

Studying the Table 1, it can be observed that the degree of tetragonality of martensite (c/a) values for the 

samples treated with T2 treatment, resulted from the calculations, are highest compared to the samples that 

have been treated without magnetic field. In Figures 7a and 7b have been presented Phases distribution 

(IFe4N), Internal tensions of second order (BFe4N) and the degrees of tetragonality of Martensite (c/a) in the 

superficial layer, after plasma nitriding for T1 case respectively, for T2 non-conventional treatment.  

Figure 7a Phases distribution (IFe4N), Internal 

tensions of second order (BFe4N) and the 

tetragonality degrades of Martensite (c/a) in the 

superficial layer, for T1 classic treatment 

 
Figure 7b Phases distribution (IFe4N), Internal 

tensions of second order (BFe4N) and the degrees 

of tetragonality of Martensite (c/a) in the superficial 

layer, for T2 non-conventional treatment 

 
Figure 8a Phases distribution (IFe4N and Fe3N), in 

the superficial layer, for T1 classic treatment 
Figure 8b Phases distribution (IFe4N and Fe3N), in 

the superficial layer, for T2 treatment 

In Figures 8a and 8b are presented phases distribution (IFe4N and Fe3N), in the superficial layer, after 

plasma nitriding for T1 classic treatment respectively, for T2 non-conventional treatment. 
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4. CONCLUSIONS 

Through applying a magnetic field - alternative current - in some specific conditions, on the heat treatment 

applied before the plasma nitriding process, finally, the quantity of the Fe3N phase decreased, the quantity of 

Fe4N increased in the plasma nitrided layer and the distribution of these phases during wear tests implies an 

increasing of the wear resistance and an improvement of the mechanical properties of the superficial layer of 

the steel. After the non-conventional treatment applied, in the case of the treatment T2 - the micro-hardness 

of the superficial layer of steel after thermo-chemical treatment increased with approx. 20 - 30 %, depending 

on the treatment regime applied, comparing to the classic treatment applied. From the diffractometric point of 

view, the samples present changes of the content of Fe3N and Fe4N phases in the superficial layer thermo-

chemically treated. This situation implies changes in micro-hardness of the superficial layers. Magnetic field 

influences positively the mechanical properties of the steel. 
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Abstract  

Chrome plating is widely used as a protective and decorative coating and to increase the wear resistance of 

measuring and cutting tools. To improve the properties of the chrome coating, nanosized particles are 

coprecipitated with it. Since nanodiamond particles possess the properties of diamond, that is, superhardness, 

low coefficient of friction, high thermal conductivity and chemical inertness, they are used precisely during 

deposition with chromium. This article presents a study of chromium-diamond coating. Determination of its 

wear resistance, microhardness, porosity and other indicators. The use of chromium-diamond coating allows 

to improve to a greater extent the physicomechanical indices of hard chromium plating, as well as to increase 

corrosion resistance and increase the service life of parts operating under conditions of corrosion wear. 

Keywords: Chrome plating, chrome-diamond coating, wear resistance, wear of the coating 

1. INTRODUCTION 

Chrome is a metal of steel color with a bluish tint. Valuable physical properties are the beautiful decorative 

appearance of chrome, a stable luster that does not fade with time, good reflectivity, heat resistance and non-

oxidation at high temperatures. Depending on the deposition mode, chromium coatings change their hardness 

in the range from 300 to 1000 kgf / mm2. The friction coefficient of chrome coatings is lower than that of steel, 

and the wear resistance is several times higher, especially when using porous-chrome coatings. Chrome 

plating has been widely used as a protective and decorative coating, and nickel and copper coatings are used 

as sublayers [1]. 

Of all types of electroplating coatings, chromium plating, in its peculiar conditions for the deposition of 

chromium, occupies a special place. First of all, it should be noted the features of preparation for chromium 

plating. Chrome electrolyte, being a strong oxidizing agent, has a destructive effect on many materials of 

organic origin. Meanwhile, when chrome plating, there is always a need for special control over the process 

and disposal of chromium waste [2,3]. 

Today, the urgent task all over the world is to create such hardening coatings that could combine such qualities 

as high wear resistance under abrasive wear and friction units, a relatively low friction coefficient, high 

corrosion resistance, manufacturability, relatively low cost and the very The main thing is less impact on the 

environment. To solve a wide variety of technical problems, hard chrome plating was widely used. However, 

the technology of nanodiamond chrome plating can significantly improve the physical and mechanical 

properties of hard chromium plating. Nanodiamond chrome coating significantly exceeds the known and widely 

used in a wide variety of production cycles hard chromium plating, which can significantly improve the technical 

characteristics of coatings, as well as significantly expand the scope of application of nanodiamond chrome 

plating. Nanodiamond chrome coating is characterized by increased hardness, wear resistance, corrosion 
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resistance, low coefficient of friction and provides an increase in the service life of the tool and parts of friction 

units by 2-15 times [4]. 

2. EXPERIMENTAL 

Studies have shown that chromium-diamond coating is superior to conventional chromium plating with 

hexavalent chromium. Studies were conducted on porosity, microhardness, wear resistance and gloss. 

The coating thicknesses of the samples used for the studies were accurately determined using an OLYMPUS 

LEXT OLS4100 confocal laser scanning microscope and are shown in Table 1. 

Table 1 Sample coating thicknesses 

Sample, № 
The measured coating 

thickness (microns) 

1 11.852 

2 22.020 

3 46.340 

To determine the porosity, the method of applying filter paper was used. Filter paper was immersed in a 

measuring cup with solution 32 (solution 32 consists of potassium iron-hydrogen-3 g/dm3; sodium chloride-10 

g/dm3), then applied to the sample so that there was no air gap between the paper and the sample. Then, after 

5 minutes, the paper was removed from the sample, washed with distilled water and, placed on a clean glass, 

dried [5]. 

 

Figure 1 The presence of pores in three samples: a) sample № 1, b) sample № 2, c) sample № 3 

Thus, in Figure 1 it can be seen that the coating has absolutely no pores, since no blue dots were detected. 

This suggests that the coating has high corrosion resistance, since the corrosive medium does not reach the 

steel base. 

Microhardness is the hardness of individual sections of the microstructure of a material. The most widely used 

method of measuring microhardness by pressing a pyramid with a small load into the sample. This method is 

also called the Vickers method (Figure 2), a tetrahedral diamond pyramid with an apex angle of 136 ° is 

pressed into the sample. Hardness shows the area of the impression from the pyramid. 
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Figure 2 Vickers hardness tester 

The measurement is carried out as follows: set the test sample coated on a stage and select a place for 

printing, then release the screw and gently turn the stage counterclockwise until it stops, avoiding jolts when 

approaching the stop, fasten the table in this position by slow rotation the handles counterclockwise lower the 

stem so that the diamond tip touches the surface of the test sample, the handle is rotated about 180 ° and held 

for 10-15 seconds, after exposure to a load (0.5 kg), turn the handle to its original position, then release the 
screw and very carefully turn the object table to its previous position until it stops, measure the control 

parameter of the print using a photoelectric ocular micrometer, calculate the microhardness of the coating 

according to the formula (1). 

�� � J
/ � 0.19 J

��              (1) 

where: 

P - is the load on the pyramid (kgf) 

S - is the imprint area of the tetrahedral pyramid with an angle at the apex of 136° 

D - is the arithmetic average of the length of both diagonals of the print after unloading (mm) [5]. 

The results obtained by this method are shown in Table 2. 

Table 2 Microhardness values obtained by the Vickers method 

Sample, № HV0.2 (MPa) 

1 328.4 

2 318.9 

3 - 
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The microhardness of sample No. 3 cannot be measured by this method, since the coating thickness is too 

large, more than 2 times the thickness of the coating of sample No. 2. According to the data of the first two 

samples, it is clear that the order of the data obtained is one. And based on the data obtained in [4], the 

microhardness can reach 1000 MPa, the results we obtained are very worthy. 

Wear resistance is the property of materials to resist wear due to friction. It is one of the most important 

characteristics of coatings and materials, since it can be used to extend the life of some parts. A study on wear 

resistance will be carried out using a Taber rotational abrasimeter. 

A sample was placed on a rotating pad, abrasive wheels were lowered onto the sample, which abrasive with 

a load of 500 g and a speed of 60 rpm for 5000 cycles. The results of the tests are shown in Table 3 [6]. 

Table 3 The obtained weight loss values of the samples 

Sample, № mto (mg) mafter (mg) Wtloss (mg) Degree of wear 

1 90810 90770 40 8 

2 92550 92520 30 6 

3 95100 95060 40 8 

The wear rate or Taber wear ratio was obtained as the difference in weight loss per 1000 cycles of abrasion 

during the test. The lower the degree of wear, the better the abrasion resistance of the material. From the data 

obtained, we see that the order of the wear coefficient is one, therefore, the wear resistance of samples with 

different coating thicknesses is approximately the same. 

Gloss is one of the standard parameters for assessing the appearance of a coating. There are special 

instruments for determining the degree of gloss of a coating; they operate on the principle of measuring the 

reflection coefficient of a light beam. Depending on the degree of gloss, a certain geometry of the device is 

used (angle of definition of gloss): 

• 20° - for surfaces with a mirror sheen (plastics, varnish, glossy paper, metal, painted metal); 

• 45° - for medium and high gloss surfaces; 

• 60° - universal, most used for foreign coatings and plastics (paint coatings, anodized aluminum, ceramics); 

• 75° - for low-gloss surfaces (vinyl, polymer films, etc.); 

• 85° - for testing surfaces with a very low degree of gloss - paper, textured plastic, soft touch varnishes, etc. 

(aviation, accessories, car interior). 

For a numerical assessment of the magnitude of gloss, the appropriate scale of GU (Gloss Unit - gloss units) 

and reference points are used. 0 GU corresponds to a matte surface with zero reflection, and the maximum 

GU value corresponds to a glossy black surface. 

The gloss meter is placed perpendicular to the sample and the button is pressed, the result appears on the 

display. Since a visual assessment, I found that the coating is shiny, the angle at which I took the values is 

20°. The measurements were carried out to three converging results, then the arithmetic average was found, 

the final data are presented in Table 4 [7]. 

Table 4 The resulting gloss values 

Sample, № Gloss value (GU) 

1 62 

2 67 

3 74 
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From the obtained data, we see that the values of the gloss increase slightly with increasing coating thickness, 

but in general they are in the same order. The value of the degree of gloss to a greater extent depends on the 

roughness, from this we can conclude that the roughness of the coating is not large. 

3. CONCLUSION 

Thus, from the conducted studies, we can conclude that this coating is non-porous, has good hardness and 

wear resistance, and is not inferior to shiny chrome in the degree of gloss. And all this with a coating thickness 

of 10 microns, therefore, it can replace some types of chromium plating. 
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Abstract 

The article presents the characteristics of ceramic tools designed to improve the condition of the surface layer 

of workpieces. After milling or turning, the surface layer of the workpiece often has several disadvantages, 

such as burrs or uneven roughness. Brushed ceramic tools allow the surface layer to be improved as another 

technological step in the entire manufacturing process. The presented tests of the geometrical surface 

structure were made for NC6 tool steel for cold work. An analysis of the impact of brushing technological 

parameters on the height of unevenness and visual features of the machined surface was carried out. 

Keywords: Brush deburring, ceramic tools, finishing processes, surface quality 

1. INTRODUCTION 

Along with the increase in the automation and mechanization of production processes, new types of finishing 

treatments were developed, allowing to accelerate work while maintaining full parameterization of production 

processes. Unfortunately, many types of finishing treatments engage the use of additional machines or human 

resources. Deburring or improvement of surface roughness can be done by mechanical, thermal or electrical 

methods, but unfortunately not all methods can be used alternately due to changes in the state of the surface 

layer of the workpiece after applying the selected methods. In mechanical methods, an example of tools used 

in finishing can be brushes with ceramic fibers for deburring, which can be successfully used on machines 

performing previous machining tasks. Ceramic brushes come in many varieties and types, depending on the 

place of application and workpiece material [1,2]. 

The quality of machined surfaces depends on factors such as the properties of the workpiece, cutting 

parameters, cutting edge geometry and wear as well as the stiffness of the machine tool-holder-workpiece-

tool system. These factors affect the amount of micro-evenness of the surface layer of the workpiece by means 

friction [3,4]. Micro-unevenness on the surface of an object arising during use and in the manufacturing process 

itself is referred to as the directivity of the geometric structure of the surface. There are different types of 

directionality shown in Figure 1 [5]. 

 

Figure 1 Directivity of the geometric structure of selected surfaces: a) parallel, b) concentric, c) crossed, 

d) omnidirectional disordered, e) point [10] 
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The assessment of the geometrical structure is made, based on measurements of surface roughness, 

waviness or using organoleptic methods. Therefore, all types of finishing operations also affect the final surface 

roughness. 

Finishing can include brushing, in which the removal of the workpiece occurs as a result of the impact of the 

abrasive tool on the surface of the object, the tool being a brush that performs rotary and sliding movement. 

The fiber impact zone on the treated surface can be divided into three parts, which are the areas of initial, 

advanced and final contact. In the first of them, the contact of the fiber with the object is initiated and cutting 

begins, which is accompanied by the appearance of forces resulting from the impact of the fiber on the surface, 

their value being constant. In the next phase of the process, a further increase in forces is observed until they 

reach their maximum value at the point being the center of the fiber contact zone with the surface. In this stage, 

the fiber moves along the material leaving a trace of processing. In turn, in the area of final contact, the fiber 

exits the machining zone and the gradual decay of forces, whose value is a function of the rotational speed of 

the tool, i.e. the forces increase with increasing speed and decrease as this speed decreases. The effect of 

exerting pressure is changing the properties of the surface layer and introducing small compressive stresses 

into it. In addition to pressure, the factors determining the effects of brushing are also the properties of the 

workpiece, rotational speed, feed and tool diameter, fiber characteristics and machining direction or the 

number of repetitions of machining cycles. 

There are many types of brushing tools that are divided in terms of: removing or adding material [6], tool 

geometry and the material of which the cutting part is made. There are disc brushes, pot, brush, cylindrical 

brushes and brushes for cleaning internal surfaces, and each type of brushes can have straight, wavy or 

braided fibers depending on the needs. In terms of the material from which the brush fibers are made, brushes 

with metal fibers (usually steel or brass), brushes with plastic fibers and brushes with ceramic fibers, which will 

be subject to further research, are distinguished. Ceramic brush fibers are made of alumina (Al2O3). The fibers 

are in packages of about 12 individual fibers, and each fiber consists of 500 to 1,000 ceramic microfibers, 

which do not exceed 10 μm in diameter and are connected by a binder (Figure 2). Fibers come in four varieties: 

pink for plastics, red for soft metals and blue and white for hard materials [7,8]. 

 
Figure 2 Ceramic fibers of the cup brush under microscopic magnification [9] 

2. TEST CONDITIONS 

The purpose of the experimental tests was to determine the impact of individual brushing parameters on the 

quality of the machined surface and to indicate the optimal machining conditions for which it is possible to 

obtain a surface layer with the lowest possible roughness parameters. The influence of the following factors 

was considered in the work: 

 rotation speed, n [rpm], 

 feed speed, vf [mm/min], 

 cutting depth, ap [mm], 

 number of tool passes, I, 
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 type of brushing tool. 

Various combinations of processing parameters were used, using two blue and white pot brushes with ceramic 

fibers with different abrasive properties (Figure 3) together with a compensating handle. After preparation of 

the samples, including their surface planning, the initial surface roughness was measured. Next, the values of 

surface roughness parameters after brushing were determined. 

 

Figure 3 Dependence of the brush color on the type of workpiece and abrasive possibilities [9] 

During the tests, samples made of NC6 steel were used, which is classified as alloyed tool steel for cold work. 

Both brushing and the preceding surface planning of the samples were carried out on a vertical Cincinnati 

Milacron Arrow 500 machining center. Surface planning was performed by drilling using a Ø8 mm spherical 

cutter made of cemented carbide. Figure 4 shows the sample used in the study. 

 

Figure 4 Face of the sample made of NC6 steel after milling 

As part of the experimental tests, the following tests were carried out: 

 influence of rotational speed and feed speed on surface roughness (Table 1, Figure 6), 

 the impact of rotational speed and depth of cut on surface roughness, 

 the impact of feed speed and the number of passes on surface roughness, 

 the impact of the number of passes on the surface roughness for the blue brush, 

 the effect of the number of passes on the surface roughness for a white brush. 
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In addition, comparative tests of the number of passes and brushing direction were performed for the blue 

brush (Table 2, Table 3) and for the white brush. Below are the results of selected tests and a view of selected 

samples after treatment. 

Table 1 The influence of speed and feed rate to the surface roughness - measurement results 

Number of 
samples 

Brush 
type 

Brushing 
direction 

n vf ap i Ra δRa Rz δRz Rt δRt 

rpm mm/min mm - µm 

1p1 

Blue Perpendicular 

2.800 

1,000 

0.5 1 

2.42 0.48 8.66 2.04 9.15 1.85 

1p2 3.800 2.36 0.54 8.67 2.03 8.82 2.18 

1p3 4.800 2.08 0.82 8.55 2.15 9.30 1.70 

1p4 5.800 2.05 0.85 8.60 2.10 9.58 1.42 

4p1 2.800 

2,000 

3.17 -0.27 11.94 -1.24 12.42 -1.42 

4p2 3.800 2.93 -0.03 11.76 -1.06 12.16 -1.16 

4p3 4.800 2.90 0.00 13.12 -2.42 17.24 -6.24 

4p4 5.800 2.78 0.12 14.29 -3.59 17.06 -6.06 

where: 

δRa / δRz / δRt - means the difference between the roughness parameter Ra / Rz / Rt characteristic for the 

initial surface and the parameter Ra / Rz / Rt measured after brushing; i - the number of tool passes 

 
Figure 5 Visual assessment of surface samples after brushing a) view sample 1P4,  

b) view of the sample 4P1 

Table 2 Comparison of surface roughness after blue brush treatment in a perpendicular and parallel direction 

to the machining marks 

Number of 
samples 

Brush 
type 

Brushing direction 
n vf ap 

i 
Ra δRa Rz δRz Rt δRt l 

rpm mm/min mm µm mm 

7p1 

Blue 

Perpendicular 

5.000 100 0.5 

1 0.70 3.24 6.64 11.90 11.76 8.12 4.8 

7p2 2 0.59 3.35 4.11 14.43 4.78 15.10 4.8 

7p3 3 0.38 3.56 3.66 14.88 5.46 14.42 4.8 

9p1 

Parallel 

1 1.69 2.88 8.66 21.83 10.52 22.02 4.8 

10p1 2 0.51 2.99 3.72 13.87 4.12 15.38 4.8 

10p2 3 0.29 3.21 2.11 15.48 2.60 16.9 4.8 
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Table 3 Visual assessment of the surface of samples after brushing with variable number of passes and 

brushing directions - blue brush 

Brush type Number of passes 
Brushing direction 

Perpendicular Parallel 

Blue 

1 

  

2 

  

3 

  

3. CONCLUSIONS 

Experimental studies have shown that brushing is an effective finishing treatment that can affect the quality of 

the surface layer of the material being processed. The effects of machining depend on the proper selection of 

technological parameters such as cutting depth, rotational speed, feed speed and the number of brush passes. 

The right color of the tool's fibers is also important, as well as the amount of their protrusion from the 

compensating chuck sleeve. 

The influence of brushing technological parameters on surface roughness and visual features was determined: 

 rotational speed: it was found that the final values of Ra parameters decreased with increasing brush 

speed, 

 feed speed: an increase in Ra parameters was observed along with an increase in the brush feed 
speed, 

 cutting depth: it has been shown that lowering the cutting depth leads to a decrease in each of the 

analyzed roughness parameters, 

 number of passes: the result of the increase in the number of tool passes was a significant decrease 
in the roughness parameters Ra, Rz and Rt, 

 brushing direction: changing the machining direction from perpendicular to parallel did not affect the 

significant reduction of roughness parameters of the surfaces tested, 

 brush color: the change of the deburring tool from the white to the blue brush has led to a significant 

improvement in roughness parameters and visual features of the treated surfaces. 
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Abstract 

This paper presents the results of testing the corrosion behaviour of K110 tool steel for cold work in industrial 

emulsion medium (Lenox Band-Ade semi-synthetic oil + water, in a ratio of 1:10), water and 3.5% NaCl 

medium. Using the method of electrochemical impedance spectroscopy (EIS) and Tafel extrapolation, 

electrochemical measurements were performed in order to determine the corrosion parameters. After 

polarization measurements, the surface of the sample was examined with an optical microscope. Tafel 

extrapolation of the polarization curves revealed that the tested tool steel showed the lowest corrosion rate in 

the Lenox Band-Ade emulsion medium and the highest in the medium of 3.5% NaCl. The obtained results 

were confirmed by the method of electrochemical impedance spectroscopy, where the lowest charge transfer 

resistance was registered in the 3.5% NaCl medium, which indicates the fact that the thinnest oxide layer was 

formed in tested medium, which has a very weak protective role in the corrosion process. Metallographic 

analysis of the sample surface after polarization measurements in 3.5% NaCl medium indicates the occurrence 

of pitting corrosion caused by the action of aggressive chloride ions from the solution, which caused the 

destruction an already weak passive layer on the metal surface. At the same time, chloride ions from the acid 

medium attack more aggressively the matrix of the metal base of the tool steel, in contrast to the precipitated 

carbides on the sample surface. 
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1. INTRODUCTION 

Steel is nowadays an irreplaceable material that enables the development of modern society. Alloying affects 

the properties of steel, which is why steel as a product has found application in various industrial plants and 

industries. The basic properties of steel are determined by the chemical composition, microstructure, shape 

and dimensions of the products [1,2]. Tool steels are particularly exposed to wear, high forces and stresses, 

which requires high toughness. Tool steels are applied in the heat-treated state, ie they are usually hardened 

and tempered. Basic properties such as wear resistance are achieved by a martensitic microstructure with a 

high carbide content [3]. In addition to properties such as wear resistance and toughness, tool steels are often 

required to have dynamic durability, resistance to oxidation and corrosion, resistance to hot cracking and 

tempering. Tool steels for cold work are used at operating temperatures up to 200°C. Depending on the 

properties of the tool steel to be achieved, alloying elements such as chromium, tungsten, molybdenum and 

vanadium are added [4]. Tool steel K110 belongs to the category of high-alloy ledeburite steels and is included 

in the category of D2 class. The chemical composition of this type of steel has been modified in terms of 

lowering the carbon content with the addition of alloying elements of molybdenum and vanadium, in order to 

achieve the best possible toughness. Tool steel K110 is a dimensionally stable steel, very high resistance to 

abrasive and adhesive wear due to the high content of hard carbides in the metal grid. It is considered a very 

good base material for PVD/CVD coating and is suitable for nitriding due to its secondary hardening properties. 

It is used for high-strength cutting tools, woodworking tools, cutting shears, thread rolling tools, drawing tools, 
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deep drawing and cold extrusion tools, measuring instruments, etc. [5]. Since corrosion shortens tool life [6,7], 

the influence of Lenox Band-Ade emulsion, water and 3.5% NaCl on the corrosion and microstructural 

properties of K110 cold steel tool steel was studied in this paper. 

2. MATERIALS AND METHODS 

A sample of tool steel for cold work marked K110 was used to examine the influence of media and 

microstructure on the corrosion resistance of tool steel. The chemical composition of the tested tool steel is 

shown in Table 1. 

Table 1 Chemical composition of K110 tool steel for cold work (wt%)  

C Si Mn Cr Mo Ni V W Co Fe 

1.55 0.30 0.30 11.30 0.75 - 0.75 - - balance 

Tool steel K110 contains a high proportion of carbon and chromium, where chromium is considered as main 

alloying element. In combination with carbon, it has the ability to form carbides, and the most common type of 

carbide is Cr23C6 and Cr7C3. Corrosion resistance increases with the increase of chromium content, because 

chromium carbides increase the wear resistance, which increases the durability and lifetime of cutting tools. 

Vanadium is a strong carbide-forming agent that can be used for refinement of primary austenitic grain [2]. 

Molybdenum in combination with other alloying elements increases the hardenability and together with 

chromium increases the resistance of steel to general and pitting corrosion. Silicon does not produce carbides, 

but acts as a deoxidant, raising the yield strength and increasing the hardenability of steel. Manganese is used 

as a deoxidizer and desulfurizer during steel production [3]. Samples of tool steel for electrochemical 

measurements were prepared by hot pressing into a conductive mass and machine ground and polished, after 

which they were washed in distilled water and degreased in ethanol. The corrosion potential determination 

method Ecorr, electrochemical impedance spectroscopy (EIS) and the Tafel extrapolation method were used to 

obtain data on the corrosion behaviour of the samples. For these measurements, a three-electrode glass cell 

was used in which the working electrode (tested metal), the reference electrode (saturated calomel electrode) 

and the counter-electrode (Pt-electrode) were placed. The central part of the electrochemical testing system 

is the potentiostat/galvanostat device which establishes and maintains the desired potential difference 

between the working and reference electrode, but at the same time registers the current between the working 

electrode and the counter electrode. Industrial emulsion (Lenox Band-Ade semi-synthetic oil+water, ratio 1:10), 

water and medium 3.5% NaCl were used as working medium in electrochemical experiments. Stabilization of 

the open circuit potential Eocp was performed at room temperature T=(19±2)°C and for 1800 seconds. 

Electrochemical impedance spectroscopy (EIS) was performed in the frequency range from 100 kHz to 10 

mHz with a sinusoidal voltage amplitude of 5 mV. Impedance parameters were analyzed by ZSIMPWin 3.21 

software using the appropriate model of the electrical circuit R(Q(R(QR))). The Tafel extrapolation method was 

performed using potentiodynamic polarization in the potential range from - 250 mV to +250 mV vs Ecorr, with a 

potential change rate of 5 mV s-1. Corrosion parameters were determined by PowerCorrTM software using the 

Tafel extrapolation method and Faraday's laws. The sample was observed on an optical microscope with a 

digital camera and a system for automatic image processing before and after corrosion in the examined media 

[8]. In order to highlight the microstructure of the K110 tool steel for cold work, one sample was 

metallographically prepared and etched in 0.5% Nital. 

3. RESULTS AND DISCUSION 

Figure 1 shows the time dependences of the open circuit potential for the tested tool steel sample in different 

media (Lenox Band-Ade emulsion, water, 3.5% NaCl). The tested sample in the mentioned media quickly 

reaches an open circuit potential. In doing so, it is important to note that the tool steel in the Lenox Band-Ade 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

819 

emulsion medium tends towards positive values of the electrode potential, which means that the working 

electrode is more stable compared to the test in water and 3.5% NaCl. In water and medium 3.5% NaCl the 

open circuit potentials are expressed in negative values. Negative values indicate the presence of corrosion, 

ie the instability of the electrode, which causes the sample dissolution. The reason for this deviation is that the 

Lenox Band-Ade emulsion medium contains inhibitors that prevent further dissolution of the sample, ie it is 

possible to create a layer of better protective properties on the sample. 

 

Figure 1 Time dependence of open circuit 

potential for K110 tool steel for cold work in tested 

media 

 

Figure 2 The comparative view of Nyquistʼs EIS 

diagrams obtained for K110 tool steel in tested 

media 

The result of electrochemical impedance spectroscopy is shown by the Nyquist diagram (Figure 2), which 

represents the dependence of the imaginary impedance component in relation to the real component [9]. By 

modelling the EIS diagrams, the impedance parameters electrolyte resistance Rel, oxide layer resistance Rox, 

constant phase element of double layer Qdl, surface heterogeneity measure n and charge transfer resistance 

Rct were obtained and are listed in Table 2. 

Table 2 Impedance parameters of K110 tool steel for cold work obtained in tested media  

Medium 
Ecorr vs. SCE 

(mV) 
Rel 

( cm2) 
Qdl ∙ 106 

(Ω1sncm-2) 
n Rox 

( cm2) 
Qdl ∙ 106  

(Ω1sncm-2) 
n Rct 

( cm2) 

Lenox Band-
Ade emulsion 

-70.2 66.02 182.3 0.70 17530.0 507.2 0.76 41720.0 

Water -453.0 286.5 55.88 0.50 1552.0 409.5 0.65 1504.0 

3.5% NaCl -548.0 8.8 1182.0 0.70 15.92 687.8 0.68 260.8 

In Figure 2, Nyquist impedance representations in the examined media are in the form of depressive 

semicircles, which is characteristic of solid electrodes. From the data in Table 2 it can be seen that the tested 

tool steel in the Lenox Band-Ade emulsion medium showed far higher oxide resistance Rox and charge transfer 

resistance Rct than that in water and 3.5% NaCl. The obtained results indicate that by measuring the 

impedance in the Lenox-Band emulsion on a sample of tool steel, an oxide layer of greater thickness was 

formed, slowing down the corrosion processes. The formation of a thicker oxide layer enables a better 

protective role on the surface of the tested steel, which prevents the possibility of corrosion. If we compare the 

results of Rox and Rct obtained for testing tool steel in water and 3.5% NaCl, it can be seen that the registered 

values for the medium of 3.5% NaCl are significantly lower. Namely, the oxide layer created on the sample 

during exposure to 3.5% NaCl is not compact enough and there is no protective barrier that can prevent further 

penetration of aggressive ions from the solution. Furthermore, it can be seen from Table 2 that the tested tool 
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steel showed the highest value of Qdl in the medium of 3.5% NaCl. The constant phase element of double 

layer Qdl is a combination of properties related to the state of the surface and the active substances. Namely, 

in the presence of chloride ions, the passive film on the steel surface deteriorates and the steel spontaneously 

corrodes. After the passive film is destroyed, the electrical resistance and the presence of oxygen control the 

corrosion rate [4,7]. The results obtained by the EIS method coincide with the corrosion parameters obtained 

by the Tafel extrapolation method. The polarization curves of the tested tool steel sample in emulsion, water 

and 3.5% NaCl are shown in Figure 3. The obtained results are shown graphically in semi - logarithmic form 

(E - log i) where the current density is on the x - axis and the potential is on the y - axis. Potentiodynamic 

polarization in the potential range from −250 mV to +250 mV vs. Ecorr was performed for the purpose of 

determining the corrosion parameters (corrosion potential Ecorr, corrosion rate vcorr, anode slope ba and cathode 

slope bc, which are listed in Table 3. 

 

Figure 3 Polarization curves of K110 tool steel for 
cold work obtained in tested media 

 

 

Figure 4 Microstructure of K110 tool steel for cold 
work after etching in Nital 

Table 3 Corrosion parameters of tested tool steel in tested media 

In Figure 3 it can be seen that the polarization curve of the tested tool steel in the emulsion is shifted to the 

left, which indicates that the current density values are less than is the case for the tested sample in water and 

3.5% NaCl. For the tested tool steel in the Lenox Band-Ade emulsion, the lowest value of the corrosion rate 

vcorr was registered, while the highest value of the corrosion rate vcorr was registered in the medium of 3.5% 

NaCl. Such results are expected given that 3.5% NaCl medium contains chloride ions that aggressively destroy 

the metal surface. The Lenox Band-Ade emulsion is used in practice as a coolant in metal cutting machines 

and contains a sufficient amount of inhibitors to prevent further formation of corrosion products. Based on the 

obtained results, it can be concluded that the tested tool steel K110 is more stable in the Lenox Band-Ade 

emulsion compared to water and medium 3.5% NaCl. For the purpose of analyzing the microstructure of the 

tested tool steel, the sample was observed using an optical microscope after etching in Nital (Figure 4). The 

microstructure and condition are determined by heat treatment and shaping processes. The primary structure 

of tool steel for cold work is ledeburite. Ledeburite steels after quenching and low tempering achieve the 

structure of martensite + secondary carbides. It is known from the literature that Nital can be used to show the 

Medium 
Ecorr vs. SCE 

(mV) 

ba 

(mV dec-1) 

bc 

(mV dec-1) 

vcorr 

(mm god-1) 

Lenox Band-Ade emulsion −161.2 578.1 181.9  0.023 

Water −469.2 514.9 646.6  0.438 

3.5% NaCl  −538.0 156.1 4909.1 2.575  
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distribution of carbides in tool steel for cold work, where the carbides stand out in white and the matrix is dark 

[8]. Furthermore, Figure 5 shows metallographic images of a sample of K110 tool steel for cold work before 

and after exposure to certain media. 

a)  b)  

c)  d)  

Figure 5 Microstructure of K110 tool steel for cold work (magnification 100x): a) no media, b) Lenox Band-

Ade emulsion, c) water and d) 3.5% NaCl 

On the surface of the sample (Figure 5a), inclusions distributed throughout the cross-section were observed. 

After electrochemical tests in the emulsion medium, water and 3.5% NaCl, microstructural changes are visible 

in tool steel K110, which indicate a slight oxidation of the sample surface. Lenox Band-Ade emulsion contains 

inhibitors, which reduces the corrosion rate of the tested steel. After exposing the sample to water and 3.5% 

NaCl, corrosion products were recorded. The sample exposed to water showed local, ie pitting corrosion in 

the form of pits (Figure 5c), while the sample exposed to 3.5% NaCl showed more pronounced destruction of 

the material and only partially, along the edge of the sample. The behaviour of steel in aqueous solutions 

depends on the extent to which a thin protective layer of oxide will be formed, which will prevent further 

electrochemical reactions and protect the material from aggressive corrosive media [9]. According to  

Figure 5d, it can be seen that the surface of the sample exposed in 3.5% NaCl medium was significantly 

corroded due to the aggressiveness of chloride ions. Aggressive chloride ions promote the destruction of the 

passive layer on the surface of the material and are deposited in the destroyed pits, which leads to a deeper 

destruction of the material [10]. The occurrence of pitting corrosion is most often associated with local 

inhomogeneities in the structure of the material and with the chemical composition of the material (ratio of 

alloying elements). When the sample is exposed to electrolytes such as aqueous solutions, microelectrolysis 

occurs due to the potential difference of individual areas in the structure. The consequences are manifested 

in the formation of solid corrosion products, eg hydrated iron oxides [11]. The resistance of steel to oxidation 

at ordinary and elevated temperatures and corrosion resistance is significantly improved by the addition of 

chromium. Chromium creates an insoluble surface film (layer) that prevents further diffusion of oxygen to the 

surface and prevents the oxidation of iron in the alloy matrix. However, it is dissolved by hydrochloric acid and 

perished as an anode in an alkaline medium. Corrosion-resistant steels in aggressive environments usually 

contain 12% chromium with manganese and nickel. However, the tested tool steel does not contain nickel and 

thus insufficient corrosion resistance is ensured [12]. 
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4. CONCLUSIONS 

By the electrochemical measurements the corrosion resistance of tool steel K110 for cold work in industrial 

emulsion medium (Lenox Band-Ade semi-synthetic oil + water, in a ratio of 1:10), water and 3.5% NaCl was 

tested. After potentiodynamic polarization of the tool steel, higher values of the corrosion rate in water and 

3.5% NaCl were obtained compared to the medium of Lenox Band-Ade emulsion. From the impedance 

parameters obtained by modelling the EIS spectrum, it can be seen that the tested tool steel in the medium of 

Lenox Band-Ade emulsion showed far higher resistance to charge transfer Rct compared to water and 3.5% 

NaCl, which means that a thicker surface oxide layer was formed on the sample, which has a protective role 

in the corrosion process. Metallographic analysis of the sample surface after polarization measurements in 

3.5% NaCl medium indicates the occurrence of pitting corrosion caused by the action of aggressive chloride 

ions from the solution, which caused the destruction of the passive layer on the metal surface. At the same 

time, chloride ions from the acid medium attack the matrix of the metal base of the tool steel more aggressively, 

in contrast to the precipitated carbides on the sample surface. According to the obtained results, it can be 

concluded that the tested tool steel is not suitable for use in conditions where it would be in contact with 3.5% 

NaCl. 
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Abstract  

This paper explores a protective stellite coating on 1.4922 martensitic steel. Stellite coatings are often used to 

improve the properties of the part’s surface. The microstructure of the sample was analysed and its hardness 

measured. Protective coatings enhance mechanical and corrosion properties of the substrate, and thus extend 

the life of the respective part. They can be created by galvanizing, ion implantation, thermal spraying, or by 

more recent methods, such as laser cladding, DED (directed energy deposition) and others. DED is one 

of the metal deposition processes that fall in the AM category (additive manufacturing). It was used to deposit 

the protective coating in the present study. DED is an evolving technology which is suitable not only 

for prototype development, but also for promising applications involving surface treatment and repairs of 

functional parts. DED uses a laser beam as a thermal source to melt powder which is blown concentrically 

with the laser beam and the protective gas. The unique advantage of this method is a very good cohesion and 

bonding between the substrate and the deposited layer with a smaller HAZ (heat-affected zone). It produces 

comparatively few inhomogeneities and defects, which makes it a promising technique for protective layer 

applications. Stellite was chosen as a protective coating material because this group of alloys exhibits excellent 

properties such as high wear resistance, abrasion resistance, superior corrosion resistance and erosion 

resistance. These are relevant in many industrial sectors, such as power generation, aerospace and others. 

Stellite 21 was used in the present study. 

Keywords: Coating, Directed Energy Deposition, Stellite 21, Microstructure 

1. INTRODUCTION 

There are many surface coating techniques, including galvanizing, ion implantation, thermal spraying and more 

recent ones, such as laser cladding, DED (Directed Energy Deposition) and many others. Each of them has 

its strengths as well as weaknesses [1,2,3]. This paper deals with the DED process. DED is one of the many 

processes which are categorized as additive manufacturing (AM). Some other AM methods include SLM 

(Selective Laser Melting), Binder Jetting or Sheet Lamination [2,3]. DED is a promising technique which can 

produce objects of various shapes unachievable by conventional production. Unlike many other AM techniques 

which can only generate entire new parts, DED can be used to deposit material on pre-existing substrates, 

such as damaged engineering parts which needs a repair or parts to receive protective coatings. Using DED, 

various powders (with different chemical compositions, and particle sizes and shapes) can be deposited and 

combined easily and concurrently. This opens a possibility for building graded materials consisting of many 

different alloys for a wide range of applications. Such combinations may include Ti6Al4V with TiC, Invar with 

TiC or 316L stainless steel with Cu and many others [2,4]. It is very difficult or almost impossible to combine 

these materials in one step by conventional manufacturing methods. In DED, powder feedstock flows through 

a nozzle and is melted by a fibre laser beam under a protective atmosphere (usually argon gas). The melted 

powder is rapidly cooled by losing heat to both the substrate and the protective atmosphere. The build is 

printed layer by layer. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

824 

Stellites are Co-based alloys with the superior performance provided by their high mechanical properties, 

outstanding corrosion resistance, wear, creep and erosion resistance and others. They find use in specific 

industries, such as nuclear power generation, automotive, paper and pulp, chemical, petrochemical and aircraft 

industries, as well as in medical surgery, bone implants and others. [5,6,7]. There are two groups of stellites 

which differ in their molybdenum or tungsten content [5]. Both Mo and W improve the matrix strength 

and create hard and stable carbides, leading to significantly higher hardness, ultimate tensile strength and 

wear resistance [5]. The key element in stellite is cobalt. It has a CPH (closed packed hexagonal) structure 

which persists until the temperature of 421 °C. Above 421 °C, the structure transforms to FCC (face cubic 

centered) crystal lattice [5,6,8]. Thanks to Co, stellites have high strength at elevated temperatures and high 

corrosion resistance [5,8]. Chromium, the main alloying element in stellites, helps to increase corrosion and 

wear resistance. Chromium forms very hard carbides. It also has superior resistance against galling and 

cavitation [5,6]. All these facts suggest that a stellite surface coating might be a very promising alternative 

to other alloys. Stellite 21 was chosen for this study because it possesses the above-listed good properties 

and has very favourable friction coefficient and resistance against galling even at higher temperatures [9]. 

Consequently, it can sustain extreme conditions and help to solve difficulties with erosion or cavitation in some 

industries.  

The sample on which a protective coating of stellite was deposited was 1.4922 martensitic stainless steel. This 

type of steel is often used where creep resistance and heat resistance are required, such as in power plants, 

specific types of pipes, tanks and similar applications [10,11]. Stellite coating would improve its utility properties 

and extend its lifetime in most environments. 

2. MATERIALS AND METHODS 

The deposition process took place in Insstek MX-600, a metal 3D printer which uses the DED principle. It has 

a 2-kW yttrium fibre laser and four powder feeders for using four different powders in a single deposition 

process. Its motion is controlled in 3+2 axes. 

The chemical compositions of the base material sample and the powder are given in Table 1. The composition 

of the sample was measured using Bruker Q4 Tasman optical spectrometer. The material of the sample 

is martensitic steel. The powder used for deposition was Stellite 21 produced by VDM Metals International 

GmbH Company. Its particle size is in the range of 53-150 µm. 

Table 1 Chemical composition of stellite powder and sample in wt. % 

Element  Co  Cr Ni Si Mo Fe C  

Stellite 21 64.9 28.9 0.02 0.01 6.0 0.03 <0.002 

Element Fe C Cr Ni Mn Si Mo V 

Sample bal 0.15 13.1 0.4 0.5 0.3 0.7 0.2 

A model of the coating deposited on the sample surface was created and sliced using the Magic software. It 

had a thickness of 4 mm to account for possible changes in hardness with increasing distance from the sample. 

An illustration of the coating and the base material is shown in Figure 1. The procedure referred to as 

deposition strategy was CF ZZ (C=contour, F=filling, ZZ=zigzag). The direction of the deposition path 

alternated between layers by 90°. The thickness of a single layer was 0.25 mm and the width of the track was 

0.8 mm. The hatching distance was 0.5 mm. The average laser power used for deposition was around 400 W. 

Argon gas as a protective atmosphere is a necessity to avoid oxidation during printing. A 5.0-purity gas was 

flowing through a nozzle to the area around meltpool.  

The microstructure was observed under an optical microscope (Nikon ECLIPSE MA200) and in an SEM 

(scanning electron microscope, JEOL IT 500 HR). Hardness HV1 was measured using Struers Durascan 50. 
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Figure 1 Illustration of a protective coating on the base material 

3. RESULTS 

Microstructural observation was carried out along Z-axis in order to study the HAZ and the joint between the 

coating and the substrate. The entire coating on the substrate is shown in Figure 2A. In Figure 2B, there is a 

microstructure which is typical of 3D-printed materials and consists of individual meltpools. This micrograph 

was taken in the centre of the substrate sample. The individual layers are readily distinguishable. The transition 

region between the base material and the coating shows good quality with no visible cracks, pores or other 

defects, as documented in Figures 2C-D. Good adhesion and chemical bonding are very important. 

Otherwise, the coating could separate easily and fail to perform its function. It would also impair the mechanical 

properties and fatigue behaviour of the entire part. The thickness of the HAZ is approximately 110 µm, as 

shown in Figure 2D. Detailed investigation by SEM, as documented in Figures 3A-B, revealed a visible 

cellular structure, which is also typical of DED products. 

 

 

  

Figure 2 Microstructure of the coating: A) OM (optical micrograph) of the coating, B) OM of meltpool 
structure in the middle of the coating, C) OM of the transition area, D) OM of the HAZ 
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Figure 3 Microstructure of the coating: A) SEM (scanning electron micrograph) of the transition area, B) 

SEM of the coating 

     

Figure 4 A) Hardness indentations, B) depth profile of HV1 hardness vs. distance from the surface  

Indentations from hardness measurement taken from the surface of the coating to the interior of the sample 

are shown in Figure 4A. The plot of hardness profile is presented in Figure 4B. In the coating, it varies around 

350 HV1. In the base material, the values are around 230-240 HV1. The highest hardness was found in the 

transition area (HAZ): 379 HV1. The same finding was reported by Karmakar et al. [1][1]. This is probably due 

to the rapid cooling of the first layer deposited on the substrate. The surface of the substrate might have been 

partly melted and diluted by the laser and then cooled rapidly, causing martensite to form. Then, as the additive 

process continued, martensite was heat-treated by the heat from subsequently-deposited layers. This could 

also lead to higher stresses and cracks, inhomogeneities and other flaws. On the other hand, no cracks or 

anything that could impair cohesion between the layers and bonding in the transition region were found.  

4. CONCLUSION 

In this experimental study, a protective stellite coating was deposited by DED on a sample of martensitic steel. 
Microstructural analysis revealed good cohesion between the base material and the coating. No cracks, pores 

or other flaws were found, which could impair the cohesion in the transition area. The thickness of the HAZ 

was approximately 110 µm. High hardness was found in the HAZ. The coating significantly improved the 

mechanical properties of the base material: from 240 HV1 to 350 HV1. Mechanical properties (tensile strength, 

ductility, etc.) and corrosion resistance will be studied further to confirm the usability of this deposition method 

for stellite alloys in specific industrial sectors. 
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Abstract  

Anticorrosive Al-Zn coatings applied on Nd-Fe-B permanent magnets were studied. The coatings were 

deposited on the surface of permanent magnets by high-speed cold spraying using various temperature 

conditions. The coatings were studied by optical metallography, scanning electron microscopy (SEM), 

quantitative X-ray diffraction analysis, and modern techniques for the estimation of adhesive strength of 

coatings. To determine the protective properties of Al-Zn coatings, salt spray corrosion tests were performed. 

The properties of the cold sprayed Al-Zn coatings are found to depend on the temperature of spraying. The 

coatings prepared at a spraying temperature of 200 °С exhibit the best results. The increase in the deposition 

temperature above 200 °С leads to the increase in the content of large corundum particles in the coatings, 

which result in the embrittlement of the coating material. 

Keywords: Rare-earth magnets, anticorrosive coatings, cold spraying, temperature of spraying, properties of 

coating 

1. INTRODUCTION 

Sintered rare-earth permanent magnets manufactured of Nd-Fe-B-based alloys are characterized by the 

highest hysteretic properties as compared to those of magnets manufactured from the other available hard 

magnetic materials. This fact determines the wide application of these magnets in practice [1-3]. The main 

disadvantage of these magnets consists in their low corrosion resistance. To avoid this weakness, purpose-

made anticorrosive coatings are applied on the surface of Nd-Fe-B magnets [4-7]. Earlier it was found that 

aluminum-zinc coatings applied on the magnet surface by cold spraying ensure the best corrosive protection 

of these magnets. From here in, the coatings will referred to as cold sprayed coatings. It was found also that 

the required protective properties of coating are reached when the coating thickness becomes equal to 30 µm. 

Data on the technology of application of such coatings and properties, which are ensured the coatings, are 

available in [7,8]. However, the role of temperature conditions of spraying is not well understood. 

In the present study, we investigate the effect of temperature conditions of cold spraying of aluminum-zinc 

coatings on the efficiency of corrosion protection of Nd-Fe-B-based magnets and on the microstructure, phase 

composition, adhesive strength of the coatings as well. 

2. EXPERIMENTAL 

The studies were performed using sintered rectangular permanent magnets 10 х 20 х 5 mm in size, which 

were prepared from Nd-Fe-B-based alloy by standard powder metallurgy technology [1,3]. The chemical 
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composition of the magnet material includes 32.5% Nd, 2.5% Dy, 3.0% Co, 1.2% B (wt %), and Fe balance. 

From here in, the composition is given in wt %. 

To apply the coating, we used powder material of grade A-20-11, which contains 30±5% Al, 45±5% Zn and 

25±5% Al2O3 (corundum). The corundum was added to the powder mixture as the process agent. 

The cold spraying was realized using a Dimet-405 installation (Russia). We used five temperature spraying 

regimes: 100 °С, 200 °С, 300 °С, 400 °С, and 500 °С. All other spraying parameters were the same: the air 

pressure in the system is 5.5-6 atm; the spraying distance is 13 mm; the velocity of nozzle travel with respect 

to the sprayed surface is 8 mm/s; and the powder material consumption is 1 g/mm2. 

Metallographic studies were performed using a Raztec MRX9-D (Russia) optical microscope and a Tescan 

Vega 3 SBH (Czech Republic) scanning electron microscope (SEM) equipped with an Oxford (USA) energy 

dispersive X-Ray spectroscopy (EDS) analyzer. 

The chemical composition of alloys was determined using an ARL Advant’X (USA) standard-less fluorescent 

spectrometer.  

To perform the quantitative phase analysis, a D8 Advance (Bruker AXS, Germany) diffractometer was used. 

The studies were performed using CuKα radiation. The data were processed using TOPAS software. 

The adhesion strength tests were performed by Scratch method using a Micro-Combi Tester (Switzerland). 

The measurements were carried out under loading continuously increased from 0 to 25 N. A Rockwell diamond 

indenter with an apex radius of 100 µm was used. 

Corrosion tests were performed in two stages. All samples used for the corrosion tests had a coating 30 µm in 

thickness. The first stage of tests was carried out in a KST-1 salt spray chamber at a temperature of 35± 2 °С 

for 96 h. The salt solution was automatically injected into the chamber each 15 min. The sodium chloride 

(NaCl) concentration in the salt solution was 50±5 g/l. The second stage of the test was performed using a 

dessicator with an open vessel filled with the NaCl solution and located on the bottom of dessicator. The time 

of the tests was 30 days. Corrosion damages during the first and second stages of the tests were estimated 

by visual inspection performed once a day at the same time. 

3. RESULTS AND DISCUSSION 

Metallographic analysis of samples cross-sections sprayed at 100-500 °C showed that, in all cases, the coating 

adjoins densely the substrate surface. Figure 1 shows micrographs of cross-sections of samples with cold 

sprayed Al-Zn coatings applied at 100, 300 and 500 °C. 

     

Figure 1 Micrographs (SEM) of cross-sections of samples with cold sprayed aluminum-zinc coatings 

deposited at spraying temperature: (a) 100, (b) 300, and (c) 500°C 
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It is seen that, as the spraying temperature increases, the coating thickness increases despite of the fact that 

all process parameter, except temperature, were the same. Figure 2 shows the dependence of the coating 

thickness on the spraying temperature.  

 

Figure 2 Influence of the spraying temperature on cold sprayed aluminum-zinc coating thickness 

The performed studies allowed us to find that, during spraying at 100 °C, a large part (more than a half) of 

sprayed coating is not consolidated on the substrate and peels of the surface and blows away the substrate 

surface. As the spraying temperature increases, the fixation of sprayed powder material on the substrate 

surface increases. This is likely to be the cause for the increase in the coating thickness when passing from 

100 to 200-500 °C. The increase in the fixation of particles of sprayed material on the surface is likely to be 

related to the increase in their ductility with temperature increasing. 

It is seen from (Figures 1) that the structure of coating material is inhomogeneous. Bright local areas and 

dark-grey inclusions of different sizes are observed in the grey matrix. The composition of matrix and inclusions 

were identified by EDS. It was found that the grey matrix (1) of coating material almost is pure aluminum. Bright 

local areas (2) inside and on the surface of grey matrix are almost pure zinc. Dark-grey angular inclusions (3) 

are corundum. Figure 3 shows microstructure of substrate with coating and EDS maps of Nd, Fe, Al, Zn, and 

O distribution. 

It is seen from (Figures 1,3) that zinc forms local areas within aluminum matrix that is the coating base. The 

chemical interaction between Al and Zn is absent. No alloy-formation between these elements is observed. 

Corundum particles are sufficiently uniformly distributed in the coating material. The size of corundum particles 

in coatings sprayed at 100-300 °C, as a rule, is lower than that of corundum particle present in the initial powder 

mixture. It is likely that initial corundum particles speed up to high rates by carrier gas flow break upon collision 

with the substrate. A portion of these broken corundum particles ricochet off the deposited surface (substrate 

surface) and a portion of broken particles remain within the coating material. As the spraying temperature 

increases (400 and 500 °C), the sizes and amount of corundum particles present in the coating material 

markedly increase. The increase in the corundum particle size and amount are likely to be related to the fact 

that Al and Zn particles soften and adhere to movable corundum particles. As a result, upon collision with the 

substrate surface, corundum particles fix within the coating material rather than split and ricochet off the 

surface. 
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Figure 3 (a) SEM image and EDS maps of cold sprayed aluminum-zinc coating: (b) Nd, (с) Fe, (d) Al, (е) Zn, 

and (f) O. 

To confirm the results of metallographic studies, the quantitative analysis of the coatings prepared in regimes 

100-500 °С was performed. Figure 4 shows results of the analysis. 

 

Figure 4 Variation of phase compositions of coatings cold sprayed at various temperatures 
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It is seen from (Figure 4) that, in all cases, the material of cold sprayed coatings is characterized by the 

presence of three phases; these are Al, Zn, and Al2O3. As the spraying temperature increases from 100 to  

500 °С, the aluminum content in the material decreases from 47.6 to 38.0 %, whereas the zinc content 

increases from 38.5 to 46.1 %. The corundum content increases from 10.8 to ~16.0%. It should be noted that, 

in this case, the embrittlement of coating takes place. 

The adhesion strength of the studied cold sprayed aluminum-zinc coatings, which was determined by Scratch 

testing, showed that, as the load increases from 0 to 25 N, throughout the indenter trajectory, in any case, the 

contact of coating with substrate was not disturbed. However, for samples prepared at spraying temperatures 

of 400 and 500 °С, spallings formed by indenter appear on the surface of coating; this indicates the increase 

in the brittleness of coating. 

The first stage of corrosion tests performed in the KST-1 salt spray chamber at a temperature of 35±5 °С 

showed the absence of any corrosive damages of the base (protected) material for all studied samples for the 

whole period of tests. At the second stage of tests, traces of corrosion on the base material appear only on the 

sample prepared at 100 °С after 20 days of tests. Centers of corrosion attack were observed at the edge of 

permanent magnet. Magnets with coatings applied at temperatures of 200-500 °С exhibit no traces of corrosion 

upon the completion of the second stage corrosion tests. 

4. CONCLUSIONS 

The properties of cold sprayed aluminum-zinc coatings applied on the surface of Nd-Fe-B permanent magnets 

depend on the temperature conditions of spraying. 

At all temperature conditions of spraying, the coatings densely adhere to the coated surface; no exfoliations 

are observed. 

The increase in the spraying temperature from 100 to 500 °С does not lead to the alloy formation between Al 

and Zn particles. In all cases, the coatings consist of a mechanical mixture of Al, Zn, and Al2O3 particles. No 

new phases form in the coating. 

The increase in the spraying temperature leads to a slight increase in the Zn content and a decrease in the Al 

content in the coating composition and also to the substantial increase in the amount of corundum particles 

and their sizes. 

The adhesion strength of cold sprayed aluminum-zinc is high. A scratch force of 25 N does not cause 

destruction of coating and does not lead to the exfoliation of coating from the substrate (sprayed surface). The 

increase in the spraying temperature does not lead to a decrease in the adhesion strength of coating; however, 

in this case, the brittleness of coating increases. This fact is likely to be related to the increase in the amount 

of corundum particles in the material and increase in their sizes. 

All cold sprayed aluminum-zinc coatings prepared at temperatures of 200-500 °С ensure the adequate 

protection of Nd-Fe-B magnets against corrosion; however, the recommended spraying temperature is equal 

to 200 °С since the higher temperatures lead to the embrittlement of coatings. 
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Abstract  

The paper presents the results of laser processing of diffusion boronized layer on 145Cr6 tool steel. The aim 

of the study was to investigate the microstructure, phase composition analysis, microhardness as well as 

corrosion resistance of the newly-formed layer. Boronized layer was produced at 950 °C by 6 h in mixture 

consisted of boron carbide B4C as a source of boron, kaolin as a filler and ammonium chloride as activator. 

Laser processing were conducted using 3 kW diode laser. As a result of influence the laser beam on the 

boronized layers the presence of three areas was observed: remelted zone, heat affected zone and substrate. 

The boronized layers after laser processing were characterized by high microhardness and good corrosion 

resistance. The zone enrich in boron was a 2-3 times thicker than diffusion boronized layer.  

Keywords: Boronized layer, laser processing, microstructure, microhardness, corrosion resistance 

1. INTRODUCTION 

One method of saturating the steel surface to improve its mechanical and operation properties is the diffusion 

boronizing process [1]. As a result of this process, a layer with very good properties such as high 

microhardness, good wear and corrosion resistance may be obtained [1-4]. Due to the needle-like 

microstructure, the boronized layer is characterized by good bonding with the steel substrate. However, despite 

these numerous advantages, the boronized layers are quite fragile. This disadvantage can be manifested by 

spalling and peeling from the substrate [1]. Therefore, there are many methods to modify this kind of layers  

[5-8]. One of them is the laser processing of diffusion boronized layer, which consists in the interaction of the 

laser beam on previously formed iron borides [6,7]. A layer with changed microstructure and new properties is 

obtained in this way. There are many publications focused on this problem, but most of them concern the 

modification of layer produced on low [1,5] or medium [3,6] carbon steel. There are few publications about 

laser processing of diffusion boronized layers produced on high-carbon steels [2,4,7]. 

The aim of this study was to investigate the influence of laser processing parameters on the microstructure, 

microhardness and corrosion resistance of diffusion boronized layer produced on 145Cr6 high carbon steel. 

2. METHODOLOGY OF RESEARCH 

The study was conducted on 145Cr6 tool steel. The chemical composition os steel used is shown in Table 1. 

Boronized layers was produced at 950°C temperature by 6h using the furnace with open retort. The boronized 

mixture consisted of boron carbide B4C as a source of boron, kaolin as a filler and ammonium chloride as 
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activator. After diffusion boronizing process, the specimens have been cooled down, then cleaned of powder 

residue, next degreased in acetone and finally forwarded for further laser processing. Scheme of the furnace 

with open retort to produce diffusion layers is shown in (Figure 1a). It is composed of: heat resisting steel retort 

(1), in which are placed specimens (6), powder mixture to boronizing process (2), furnace (3) with a heating 

elements (4) and thermocouple to the temperature control during process (5). 

Table 1 Chemical composition of 145Cr6 tool steel [%wt.] 

C Mn Si P S Cr V 

1.40 0.55 0.29 0.028 0.025 1.60 0.10 

 

Figure 1 a) View of specimens preparation methodology for diffusion boronizing process, b) flowchart of 

laser processing of boronized surface layer 1 - MZ, 2 - laser beam, 3 - HAZ, 4 - depth of MZ, 5 - depth of 

HAZ, 6 - overlap 

The scheme of laser processing of boronized layer by using laser beam is presented in (Figure 1b). Laser 

processing was carried out using Trumpf TruDiode 3006 diode laser of nominal power of 3.0 kW which was 

integrated with KUKA KR16-2 robot. Parameters used in the experiment were: laser beam power density (q): 

76 kW/cm2, 115 kW/cm2, 153 kW/cm2, laser beam diameter d = 1 mm with a mode TEM00 as well as constant 

scanning laser beam rate v = 3 m/min. Laser tracks were arranged with distance f = 0.5 mm, where f was 

distance between axes of each tracks (Figure 1b). The overlapping of lase tracks was 50%. During the laser 

processing the laser beam moved from point A to B, then laser beam was turn off and laser head returned to 

point A. In the next step the laser beam was transferred by a distance of 0.5 mm and laser track were made 

from point C to D. This was repeated until the laser processed the entire surface of specimen. As a result of 

this procedure, characteristic areas of the remelted zone (MZ) and heat affected zone (HAZ) presented in 

(Figure 1b) were obtained. Microstructure observations were carried out using Huvitz HRM-300 light 

microscope on cross-sections of specimens prepared by polished and etched in 2% HNO3 solution. The phase 

analysis was performed on EMPYREAN PANalytical X-Ray diffractometer using Cu Kα radiation with the angle 

range from 20° to 90°. Microhardness profiles were determined using an FM-810 Vickers microhardness tester 

equipped with FT-Zero automatic indentation measuring software from Future-Tech. The indentation load was 

100 G (HV0.1) and loading time was 15 s. Corrosion resistance were carried out using ATLAS 1131 EU&IA 

device. Anodic polarization curves were measured using AtlasCorr05 software. The potentiodynamic 

polarization tests were performed in a 5% NaCl aqueous solution at 22°C with scanning rate of 0.5 mV/h. 

During the corrosion tests the reference electrode was a saturated calomel electrode and the auxiliary 

electrode was a platinum electrode. The investigation was conducted according with PN-EN ISO 17475 

standard. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the microstructure of diffusion boronized layer formed on 145Cr6 tool steel. The boronized 

layer has a needle-like microstructure under which chromium carbides are placed characteristic for this steel 
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grade. The obtained layer was uniform and oriented perpendicular 

to the surface of specimen as well as characterized by good 

cohesion with steel substrate. The average thickness of diffusion 

boronized layer was 105 µm. However, in the subsurface zone, 

the porosity were detected. Authors of this study suggest to 

remove them using laser processing. 
 

 

Figure 3 shows the microstructure after laser processing of the boronized layer at the variable laser beam 

power densities. The obtaining layers was metallurgicaly bonded to the steel substrate and consisted of two 

characteristic zones. The first was remelted zone (MZ), which was formed as a result of remelting the diffusion 

boronized layer with the steel substrate. Below, was the heat affected zone (HAZ), which was formed as a 

result of hardening the substrate material. The remelted zone in each of the analyzed cases consists of boron-

martensite eutectics whose contribution depends on the laser processing parameters used. Whereas in the 

heat affected zone, two areas can be distinguished with different etching color in microstructure. Brighter area 

(HAZ 1) is the austenitized region. This region transforms to martensite during rapid cooling (darker area 

marked as HAZ 2). In paper [9] the authors found that by used various laser beam powers the microstructure 

of HAZ was composed of two different regions. This is the martensite region and the partially-transformed 

region composed of proeutectoid ferrite, untransformed pearlite and martensite. On the other hand at  

work [10] the authors found that the hardened zone has a mixed microstructure of martensite and tempered 

bainite. The steel substrate has not previously subjected to heat treatment, to enable possible to observe 

changes related to the interaction of the laser beam. The depth dimensions of remelted zone and heat affected 

zone for individual laser tracks after laser processing of diffusion boronized layers are presented in Table 2. It 

could be concluded that increasing laser beam power density have an influence both on increased of laser 

track dimension, depth of remelted zone as well as on heat affected zone. Laser tracks overlapped as can be 

seen in (Figures 3a, 3b, 3c). Figures 3d, 3e, 3f are presents selected areas of remelted zone. Figure 3d 

presents characteristic dendrites type I and type II which arise due to solidification of melting pool in remelted 

zone. The character of dendrite solidification shows directions of heat dissipation in the newly formed 

microstructure. The direction of dendrite growth is from the bottom of laser track (Figure 3e) to its central 

region. 

Table 2 Depth [µm] of boronized layer after laser processing depending on laser beam power density 

Number of measurement 75 [kW/cm2] 115 [kW/cm2] 150 [kW/cm2] 

 MZ HAZ 1 HAZ 2 MZ HAZ 1 HAZ 2 MZ HAZ 1 HAZ 2 

1 271 42 59 426 45 77 518 72 102 

2 269 44 62 416 51 83 512 75 107 

3 264 46 61 422 46 79 522 73 102 

4 265 42 64 413 53 85 517 75 105 

5 258 45 64 420 47 81 524 73 104 

average 265 44 62 419 48 81 519 74 104 

total thickness [µm] 371 548 697 

At low laser beam power density, cracks in the remelted zone are visible (Figure 3a). They are reveal when 

the heat dissipation rate is relatively fast, and the material solidifies very quickly. The increase of laser beam 

Figure 2 Microstructure of diffusion boronizing layer produced on 

145Cr6 tool steel 
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power density caused increase in heat which resulted in slower heat dissipation in the material, and thus 

contributes to obtained the layers free of cracks. The boronized layers before and after laser processing were 

analyzed using XRD method, and results are shown in (Figure 4). In the diffusion boronized layer the iron 

boride equilibrium phases (FeB and Fe2B) were detected. The FeB phase peak intensity was significant. After 

laser processing of boronized layers equilibrium iron boride phase FeB and Fe2B, non-equilibrium Fe3B as well 

as iron phase were detected. The peak intensity of iron boride phases FeB and Fe2B decreases when the 

laser tracks are deeper and when are produced at higher power density (q = 153 kW/cm2). However, the 

decrease of laser beam power caused increase of intensity of the non-equilibrium Fe3B iron boride phase. 

 

Figure 3 Microstructure after laser processing of boronized layer; q = 76 kW/cm2 (a, d), q = 76 kW/cm2 (b, e), 

q =153 kW/cm2 (c, f) 

 

Figure 4 X-ray pattern of boronized (a) and boronized layers after laser processing; q = 76 kW/cm2  

(b), q = 115 kW/cm2 (c), q = 153 kW/cm2 (d) 
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Figure 5 shows the profiles of microhardness of diffusion boronizing layers as well as after laser processing 

of these layers. Microhardness of boronized layer was about 1800 HV in the FeB iron boride zone and 

decreases to approx. 1600 HV - 1400 HV in the Fe2B iron boride zone. Microhardness of the substrate was 

approx. 200 HV (Figure 5a). On the graphs in (Figures 5b, 5c, 5d) were marked the depth of remelted zone 

and heat affected zone of laser tracks. It may be seen that the laser processing parameters significantly 

influence on the microstructure and consequently on the microhardness of laser tracks. Figure 5b shows the 

profile of microhardness of boronized layer after laser processing at low laser beam power density. The 

microhardness of the remelted zone was approx. 1200 HV - 1100 HV. In this case the microhardness 

decreases to 700 HV in heat affected zone and next reaches 200 HV in steel substrate. Increased laser beam 

power density causes decrease microhardness in the remelted zone from about 1000 HV (for q = 115kW/cm2) 

to 900 HV (for q = 153 kW/cm2). In all the studied specimens the microhardness profiles gradually decrease 

from remelted zone through heat affected zone to the substrate (Figures 5b, 5c, 5d). 

 

Figure 5 Microhardness profiles of diffusion boronized layer (a) and boronized layers after laser processing; 

q = 76 kW/cm2 (b), q = 115 kW/cm2 (c), q = 153 kW/cm2 (d) 

Table 3 Corrosion parameters of diffusion boronized layer before and after laser processing  

Specimen Corrosion current I [A·cm2] Corrosion potential E [V] 

B 3.93E-06 -8.56E-01 

B & LHT; q = 76 kW/cm2 1.23E-06 -9.43E-01 

B & LHT; q = 115 kW/cm2 9.18E-07 -8.56E-01 

B & LHT; q = 153 kW/cm2 1.09E-05 -1.07E+00 

Results of corrosion resistance tests are presented in (Figure 6) and Table 3. Studies have shown that the 

diffusion boronized layer has a higher corrosion resistance than most boronized layers subjected laser 

processing. In the case of a higher laser beam power density (q = 153 kW/cm2) a newly formed surface layer 

was deeper than a diffusion boronized layer and was characterized by worse corrosion resistance. It was 
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caused of larger iron participation from the substrate. A slightly worse corrosion resistance was found for 

specimen produced using the lowest laser beam power density.  In microstructure of this layer many cracks 

were visible, and those cracks were privileged places for progressive rapid corrosion. The specimen after laser 

processing using medium laser beam power density (115 kW/cm2) was characterized by better corrosion 

resistance than specimen produced using diffusion boronizing (Figure 6). 

 
Figure 6 Corrosion resistance curves of diffusion boronized layer before and after laser processing 

4. CONCLUSION 

The following concluding remarks can be made: 

1) As a result of laser processing, the needle-like microstructure of diffusion boronized layer was melted. 

New zone composed of boride-martensitic eutectics was obtained. The equilibrium (FeB, Fe2B) and 

non-equilibrium (Fe3B) iron borides phases were identified; 

2) Boronized layers after laser processing are characterized by a milder gradient microhardness from the 

surface to the substrate due to presence the heat affected zone. In remelted zone the microhardness 

was from 1200 HV to 900 HV. This depend on the laser processing parameters used;  

3) Laser processing at medium laser beam power density caused increase of corrosion resistance of 

boronized layers in comparison to one without laser modification. 
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Abstract  

The corrosion inhibition of steel in the hydrochloric acid solution by N-butylquinolinium bromide and 1-octyl-3-

methylimidazolium chloride was investigated using electrochemical and weight loss methods. Both compounds 

under investigation act as mixed type inhibitors with predominantly anodic action. The Gibbs energy of 

adsorption was calculated by means of the Langmuir isotherm. The inhibition efficiency of 1-octyl-3-

methylimidazolium chloride was higher. Daphnia magna was used as acute toxicity test organism. 1-octyl-3-

methylimidazolium chloride was more toxic than N-butylquinolinium bromide. The LC50 value (48 hours) for 1-

octyl-3-methylimidazolium chloride for acute test on Daphnia magna was 0.020 mgl-1 and it was 1.271 mgl-1 

for N-butylquinolinium bromide. 1-octyl-3-methylimidazolium chloride can be classified as extremely toxic 

substance (LC50 is 0.01-0.1 mgl-1) and N-butylquinolinium bromide can be classified as moderate toxic 

substance (LC50 is 1-10 mgl-1). 

Keywords: Daphnia magna; N-butylquinolinium bromide; 1-octyl-3-methylimidazolium chloride; corrosion 

inhibition; steel 

1. INTRODUCTION 

Iron and its alloys belong to the most used building materials due to high mechanical strength and low costs. 

However, these materials are highly reactive and undergo corrosive degradation during various industrial 

processes, such as acid cleaning, descaling or acid pickling. Imidazolium compounds are widely studied as 

corrosion inhibitors for mild steel and other materials. The inhibition efficiency depends on the strength of 

adsorption. The more negative the Gibbs energy adsorption derived from thermodynamics of the adsorption 

process, the higher the inhibition potential. The great advantage of ionic liquids (ILs) is the possibility to manage 

their characteristics through diverse combinations of cations and anions. They exhibit low melting points, 

negligible vapour pressures, low flammability, high thermal and chemical stability, high electrical conductivity, 

and high solvation ability for organic and inorganic compounds [1-3]. Some of them are called green solvents 

but their toxicity has not been sufficiently examined yet. The toxicity of alkylimidazolium ionic liquids usually 

increases with the increasing alkyl chain length which seems to be related to the high lipophilic character. The 

anion type also plays an important role but the toxicity impact depends on the tested organism. Acute test on 

Daphnia magna is usually performed according to ISO 6341 (2012), to determine the inhibition of the mobility 

of Daphnia magna Straus (acute toxicity test). This is a very sensitive test and is very suitable for these ionic 

liquids solutions [4-6]. The aim of this study was to compare acute toxicity of N-butylquinolinium bromide and 

1-octyl-3-methylimidazolium chloride and to evaluate corrosion inhibition of steel in the hydrochloric acid 

solution by this ILs. 
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2. EXPERIMENTAL 

2.1. Materials 

The mild steel wire containing (wt. %) 0.1 C, 1.5 Mn, 0.9 Si, 0.03 S, 0.04 P and balance Fe was used for 

corrosion measurements. The steel specimens were abraded using various grades of emery papers, washed 

with distilled water, degreased in acetone and air-dried. The solutions were prepared by dilution of inhibitors 

in hydrochloric acid of 1000 mol∙m-3 concentration. Ionic liquids were prepared by the microwave synthesis. 

2.2. Ecotoxicity tests 

Ecotoxicity tests on Daphnia magna was done according to ISO 6341 (2012). Daphnia magna organism is a 

suitable bio-indicator for ecological risk assessments for different or new chemicals and compounds (EC 2002). 

Ecotoxicological data were calculated as LC50 values (lethal concentration - mortality of 50% of individuals), 

with 95% confidence intervals calculated by non-linear regression.  

2.3. Electrochemical measurements 

All electrochemical measurements were carried out on Voltalab VM 40, Radiometer Analytical (France). A 

three-electrode electrochemical system was used with the steel wire as working electrode (0.4 cm2), platinum 

wire as counter electrode and Ag / AgCl in 3 M KCl as reference electrode. All experiments were performed 

under atmospheric condition without stirring at 20 °C. Prior to the electrochemical measurements, a 

stabilization period of 45 min was allowed, which was proved to be sufficient to attain a quasi-equilibrium state 

for the open circuit potential (OCP) measurement. The potentiodynamic polarization curves were recorded in 

the potential range from −150 below to +150 mV above OCP at a scan rate of 1 mV∙s−1 in the positive direction. 

The EIS measurements were carried out in a frequency range from 100 kHz to 100 mHz with an amplitude of 

5 mV peak to-peak, using the AC signal at the OCP. 

2.4. Weight loss measurements 

Gravimetric measurements were performed with the samples prepared in the same way as the working 

electrode. The wires weighing about 0.2 g were immersed into the 1000 mol∙m-3 HCl solution (20 ml) with or 

without the inhibitor for several days and the weight loss was determined. The inhibition efficiency for the 

weight loss measurements was calculated from the equation (1), where WL0 is the weight loss in 1000 molm-

3 HCl solution and WLi is the weight loss in the presence of the inhibitor. 

^_�a �  �a5K�a�

�a5 �100              (1) 

3. RESULTS AND DISCUSSION 

3.1. Ecotoxicological tests 

The results for acute Daphnia magna test for tested ionic liquids solutions after 48 hours, LC50 (in mgl-1), with 

95% confidence intervals can be seen in Table 1. The C4QUINBr ionic liquid was less toxic than C8MImCl. 

According to the study [7], ionic liquid C4QUINBr is moderately toxic and C8MImCl is extremely toxic. For 

C4QUINBr the LC50 value for Daphnia magna (48 hours) is 1.271 mgl-1 and for C8MImCl the LC50 value is 

0.020 mgl-1. The nonlinear curves of mortality depending on the molar concentration of ionic liquids solutions 

are represented in Figures 1-2. 
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Table 1 Results for acute Daphnia magna test of ionic liquids solutions, 48 hours, LC50 (mgl-1) and hazard 

ranking, 95 % confidence intervals 

Ionic liquids 
solutions 

LC50 

(mgl-1) 

Lower limit-upper limit 

(mgl-1) 

Hazard ranking+ 

(according to [7]) 

C8MImCl 0.020 0.011-0.029 extremely toxic 

C4QUINBr 1.271 0.549-6.315 moderately toxic 

+LC50 is 0.01-0.1 mgl-1 - extremely toxic, 0.1-1 mgl-1 - highly toxic, LC50 is 1-10 mgl-1 - moderately toxic, LC50 

is 10-100 mgl-1 - slightly toxic and LC50 is 100-1000 mgl-1 - harmless (non-toxic) 

 
Figure 1 Nonlinear curves of mortality depending on concentration for C4QUINBr, acute Daphnia magna 

test, 48 h 

  

Figure 2 Nonlinear curves of mortality depending on concentration for C8MImCl, acute Daphnia magna test, 

48 h 
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3.2. Potentiodynamic polarization curves and electrochemical impedance spectroscopy 

Figure 3 presents potentiodynamic polarization curves of corrosion inhibition of mild steel in 1000 molm-3 HCl 

in the absence and presence of C4QUINBr. The corrosion potential is shifted slightly to the positive direction 

depending on the inhibitor concentration. Because of the difference is less than 85 mV, C4QUINBr can be 

classified as mixed type inhibitor with a predominant anodic action. The same trend can also be observed for 

C8MImCl. Inhibition efficiency (IEi) is dependent on the inhibitor concentration, the values are reported in  

Table 2. 

The EIS measurements were evaluated by means of EIS analyser software. Figure 4 presents Nyquist plots 

of corrosion inhibition of mild steel in 1000 molm-3 HCl in the absence and presence of C4QUINBr. The values 

of inhibition efficiency (IEEIS) obtained from EIS measurements are presented in Table 2. The differences 

between the voltammetric and EIS measurements can be explained by the unequal time of measurement. 

 
Figure 3 Potentiodynamic polarization curves of corrosion inhibition of mild steel in 1000 molm-3 HCl in the 

absence and presence of N-butylquinolinium bromide 

 
Figure 4 Nyquist plots of corrosion inhibition of mild steel in 1000 molm-3 HCl in the absence and presence 

of N-butylquinolinium bromide 
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Table 2 Inhibition efficiency for mild steel in 1000 molm-3 HCl solution in the absence and presence of N-

butylquinolinium bromide and 1-octyl-3-methylimidazolium chloride at 20°C obtained from 

electrochemical measurements and weight loss measurements 

 c (mol dm-3) IEi (%) IEEIS (%) IEWL (%) 

C4QUINBr 

0.0001 25 36 20 

0.001 89 79 66 

0.005 90 90 81 

C8MImCl 

0.0001 62 67 80 

0.001 86 92 96 

0.005 86 90 94 

3.3. Weight loss measurements and adsorption isotherms 

The results of the weight loss measurements (IEWL) after seven days are shown in Table 2.  

The adsorption of inhibitors never reaches the real equilibrium but tends to approach an adsorption steady 

state. The values of surface coverage, Θ (IE/100) for the different concentration of C4QUINBr and C8MImCl 

proved to fit Langmuir adsorption isotherm (2). C is the molar concentration of the inhibitor and K is the 

equilibrium constant of the adsorption reaction. The absolute values of Gibbs energies can be seen in  

Table 3. The interaction between the inhibitor and metal surface probably involves both physisorption and 

chemisorption. Although Langmuir isotherm is usually used for chemisorption, in case of monolayer 

physisorption can be involved.  

'
� = c + 

�
`               (2) 

The results obtained from the voltammetric and weight loss measurements can be seen in Figure 5. 

 
Figure 5 Curve fitting of the data obtained from polarization curves (i cor) and weight loss (wl) 

measurements to Langmuir isotherm for mild steel in 1000 molm-3 HCl and N-butylquinolinium bromide 
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Table 3 Gibbs energy of adsorption obtained from Langmuir isotherms (kJmol-1). 

 icor wl 

C4QUINBr -29.5 -28.8 

C8MImCl -37.8 -35.1 

4. CONCLUSION 

The acute toxicity of N-butylquinolinium bromide and 1-octyl-3-methylimidazolium chloride was measured 

using Daphnia magna Straus test, 48 hours. It was found that C4QUINBr is moderately toxic and C8MImCl is 

extremely toxic. For C4QUINBr the LC50 value for Daphnia magna is 1.271 mgl-1 and for C8MImCl the LC50 

value is 0.020 mgl-1. 

The corrosion inhibition efficiency of the C4QUINBr and C8MImCl was investigated by means of the 

potentiodynamic polarization curves, EIS and weight loss measurements. Both ionic liquids were proved to be 

mixed-type inhibitors with the predominant anodic inhibitive effect for the mild steel. The inhibition efficiency of 

both ionic liquids is about 90% for the highest concentration 5 molm-3. The inhibition efficiency decreases with 

decreasing concentration of ionic liquid. A more significant decline can be seen for C4QUINBr. The absolute 

values of Gibbs energies of adsorption obtained from the Langmuir isotherms ranged from 28.8 to  

29.5 kJmol-1 for C4QUINBr and from 35.1 to 37.8 kJmol-1 for C8MImCl. The interaction between the inhibitor 

and metal surface probably involves both physisorption and chemisorption. 
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Abstract 

The plasma spray technology allows spraying a wide variety of materials. Atmospheric plasma spraying (APS) 

consists in injecting a powder feedstock material in a plasma jet to melt and accelerate the injected particles 

and spray them onto a substrate. The coating growth is thus realized by the impingement and spreading of 

sprayed particles. This mechanism of coating formation induces the presence of pores and micro-cracks. In 

order to eliminate those drawbacks, laser remleting may be used to improve the properties and performances 

of plasma sprayed coatings. In the present paper, the Ni20%C + 20%Re coating fabricated by plasma spraying 

on stainless steel substrate were remelted by CO2 laser, and the effect of laser remelting on microstructure 

and hardness of plasma sprayed Ni20%Cr + 20%Re coating were studied. The microstructure of plasma 

sprayed and laser remelted coatings were analyzed using scanning election microscopy (SEM) and energy 

disperse spectroscopy (EDS). The micro-hardness of coating was measured using micro-hardness tester. The 

results show that the laser remelted coating becomes much denser moreover, the chemical composition of the 

coatings becomes homogeneous  

Keywords: Coatings, rhenium, thermal spraying, laser remelting, microstructure 

1. INTRODUCTION 

Rhenium is a refractory metal that has gained significant recognition as a high performance engineering 

material because it exhibits an outstanding combination of properties. Compared to the other refractory metals, 

Re has superior tensile strength and creep rupture strength over a wide temperature range (up to 

approximately 2000 °C). For example, between room temperature and 1200 °C, its strength is approximately 

double that of tungsten. In addition, the rupture strength of rhenium is greater than that of tungsten at 

temperatures approaching 2800°C. At 2500 °C its strength is comparable to the strength of carbon composites. 

Unlike other refractory metals (W, Mo, Ta) it exhibits good ductility at room temperature. These properties 

makes rhenium an attractive candidate for numerous applications, especially in high-temperature structural 

and energy systems applications. Currently, additions of rhenium are commonly used in Ni- or Co-based super-

alloys for the purpose of improving the creep strength [1], reinforced composite [2] or manufacturing of coatings 

[3,4]. On the other hand, plasma spraying process is able to produce coatings with any chemical composition 

that are necessary for different industrial applications, spray on complex shapes as well as on elements with 
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small thickness. The plasma spraying also allows for produce layers of a precisely defined thickness, contrary 

to the flame spraying process or weld cladding. The plasma spraying method is increasingly used for the 

production of coating on elements used in the aerospace and military industries. The main difficulty, however, 

is the fact that the spraying process does not allow for a uniform and compact coating within its entire volume. 

The plasma sprayed layers are usually characterized by porosity. In order to reduce it, the processes of laser 

beam remelting [5-10] or electron beam [11-13] can be used. 

The paper presents the laser remelting processes of thermal spraying coatings in relation to microstructure 

and mechanical properties. The Ni20%Cr + 20%Re alloys will be used in the investigation. The importance of 

this research is to create a scientific basis for adapting the plasma spraying method followed by remelting by 

high energy laser beam to produce coatings with novel alloys containing rhenium that can not be produced by 

conventional technologies. 

2. EXPERIMENTAL PROCEDURE 

Ni20%Cr + 20%Re coatings were prepared in three steps. Firstly, the plasma sprayed materials in the form of 

powder were produced at the Łukasiewicz - Institute of Non-Ferrous Metals from commercial NiCr powders by 

the modification of them with rhenium (Figure 1). The technique of powder modification with rhenium has been 

already elaborated at the Łukasiewicz - Institute of Non-Ferrous Metals. The proces is based on an application 

of thermo-chemical treatment for producing metallic rhenium from a raw material in the form of ammonium 

perrhenate directly on the surface of modified powders.  

 

a) 

 

b) 

Figure 1 Ni20%Cr + 20%Re powder for plasma spraying, a) general view, b) EDS analysis - Ni (blue),  

Cr (green), Re (red) 

Secondly, manufactured alloy powders were sprayed on a ferritic stainless-steel (316Ti) substrate by an 

atmospheric plasma-spraying facility (AP-50 Plasma Spray System). The plasma spraying parameters: current 
530 A, arc voltage 690 V, shielding gas flow rate (Ar) 54 l/min, plasma gas flow rate (H2) 9 l/mi, transport gas 

flow rate (Ar): 5 l/min, spray distance 140 mm, travelling speed 0.4 m/s. Before plasma spraying the surface 

of the substrate was decreasing and oxide layers was removing. Abrasive blasting using corundum abrasive 

F36 (500 -600 µm grain size) and F40 (425-500 µm grain size) were applied. After plasma spraying, a coating 

~380 μm in thickness was achieved. The average roughness of the APS surface was 19.42 μm. Finely, laser 

remelting was carried out on the coating using a laser CO2 generator (Trumpf Lasercell 1005). The travelling 

speed was 0.5 m/min at a fixed laser head to work distance (100 mm), and laser power was applied: 3.5 kW. 

High-purity argon gas (ISO 14175-I1-Ar) at flow rate 12 l/min was used to prevent oxidation during laser 

processing. The general view of sprayed surface and after laser remelting in (Figure 2) were presented. The 
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resultant plasma sprayed and laser remelting coated samples (cross-section) were cut, polished and etched 

chemically (NH4F+HNO3). The microstructures of the etched samples were investigated by scanning electron 

microscopy (SEM; FEI Nova Nano SEM 450) with energy dispersive spectroscopy (EDS). The microhardness 

of samples was measured by a TUKON 2500 digital microhardness tester with a load of 300 gr for 10s. 
Microhardness measurements were performed on the substrate, bond layer and coating. 

 
a) 

 
b) 

Figure 2 General view of sprayed surface, a) after spraying, b) after laser remelting 

3. RESULTS AND DISCUSSION 

The cross-section SEM images of plasma-sprayed and laser remelted Ni20%Cr + 20%Re coatings are shown 

in (Figure 3). From the top to the down, there are the bond layer and ceramic coating in turn. The plasma 

sprayed coating has a typical plasma sprayed lamellar-like structure and contains a lot of pores and cracks 

(Figure 3a). Laser remelting can effectively reduce the pores and microcracks of the plasma sprayed coating, 

and the coating became much denser. In addition, the lamellar defects of the plasma sprayed coating were 

erased, and fine equiaxed grains with homogenous distribution were obtained (Figure 3b). So, the 

compactness of the plasma sprayed coating was improved significantly using laser remelting.  

 
a) 

 
b) 

Figure 3 The cross-section SEM images of coatings: (a) plasma-sprayed; (b) laser remelted 
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The micro-area chemical composition of the plasma-sprayed coating are analyzed. The high-magnification 

SEM of cross-section of coating and EDS of different micro-areas are shown in (Figure 4). The analysis of the 

chemical composition of the Ni-Cr-Re coating, revealed that the ratio of nickel and chromium in different areas 

is not the same. It was found that the distribution of elements is uneven. There are areas consisting mainly of 

nickel and chromium (darkest), nickel and chromium with approx. 20% rhenium addition (lighter) and only 

rhenium (white). 

 

Figure 4 The corresponding EDS result of different micro-areas of the plasma-sprayed coating  

 

Figure 5 The line scanning pattern of the plasma-sprayed coating after laser remelting  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

851 

Figure 5 presents the EDS line scan images of plasma-sprayed coatings after laser remelting. The content of 

Cr (blue line) is in the range up 25 % in the area of surface and decrease to 14.9 % (average value). The 

content of Fe (purple) in the surface region is higher (up 70 %) while lower in the remelted plasma-sprayed 

coatings region (about 47.9 %). Conversely, the content of Ni (yellow) in the surface region is much lower 

(about 10 %) while higher in the remelted plasma-sprayed coatings region (about 25.9 %). Finally, the content 

of Re in the plasma-sprayed coatings after laser remelting amounts about 10 % (green line). After laser melting, 

the lamellar structure disappears and the laser-remelted coating becomes homogeneous in composition 

(Figure 5). 

The hardness distribution of the plasma-sprayed coating after laser remelting in (Figure 6) was presented. It 

was revealed that the hardness of Ni-Cr-Re coating is higher than Ni-Cr after laser processing. Moreover, the 

hardness in separated points after remelting process becomes lower to compare to coating without remelting. 

This is caused, probably by high content of Fe (46.9 %) in the processing plasma-sprayed coating to compare 

to plasma-sprayed direct after spraying with Ni20%Cr + 20%Re. 

 

Figure 6 The line scanning pattern of the plasma-sprayed coating after remelting 

4. CONCLUSION 

In this work, Ni20%Cr + 20%Re coating fabricated by plasma spraying was remelted by CO2 laser, and the 

effect of laser remelting on microstructure and harndess of coating was studied: 

 the plasma sprayed coating shows a lamellar-like structure and has a lot of pores. The microcracks were 

also detected. Laser remelting can reduce the pores and microcracks and eliminate the lamellar defect. 

The microstructure of the coating becomes homogenous and compact, 

 the scanning speeds of the laser beam in the process of remelting of plasma sprayed layers have a 
significant impact on quality. More favorable layer properties ensure at less scanning speeds, 

 un-remelted coating is characterized by higher hardness in relation to those subjected to the laser 

treatment process, moreover after laser remelting the chemical composition of the coatings becomes 

homogeneous. 
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Abstract 

The aim of this study is to compare the corrosion resistance of anodic oxidation coatings on Al2024 alloy. Due 

to its composition with a high content of alloying elements (mainly Cu), anodization of this alloy is one of the 

difficult ones compared to most other alloys or pure aluminium. In this study, the Cr6+ free baths were used 

for anodic oxidation of the Al 2024 alloy because of high toxicity of Cr6+ based baths, which are legislatively 

restricted nowadays. One of the possible ways is the use of mixtures of organic and inorganic acids and various 

additives (such as e.g. tartaric, citric, glycolic, malonic acid etc.). It is also possible to use commercial products 

as additives for sulfuric acid anodization (SAA). In this study, the samples were anodized in four types of 

anodizing baths and subsequently sealed in boiling water. The surface and metallographic specimen were 

observed by optical microscope and scanning electron microscope (SEM). The thickness was measured using 

the eddy current method. The anti-corrosion properties of the layers were verified using the accelerated Machu 

test. 

Keywords: Aluminium alloy, anodization, additive, organic acid, corrosion 

1. INTRODUCTION 

Aluminium alloys are a widely used construction material in the aerospace, automotive, building industry etc. 

Aluminium and its alloys are prone to corrosion, they need to be effectively protected. Anodic oxidation is an 

electrochemical process in which a porous layer of Al2O3 is formed on the surface of aluminium. After 

subsequent sealing, a barrier is formed between the metal and the external environment [1]. 

One of the oldest processes is anodic oxidation in chromic acid [2]. The use of this bath provides excellent 

corrosion protection with a low effect on the fatigue properties of alloys. However, Cr6+ containing compounds 

are toxic and harmful to health, therefore the use of such products is restricted/prohibited by law. For this 

reason, it is appropriate to replace the anodizing bath containing Cr6+ with a suitable environmentally friendly 

product that will achieve the same or at least similar results [3]. 

One of the possible solutions is to use the mixture of tartaric and sulfuric acid. It is also possible to apply salts 

of transition elements as an additive [4]. Another possibility is to use commercially available additives, which 

usually contain different amounts of various organic acids and other components. These commercial additives 

promise the formation of compact layers without extensive cooling demand and, also promise extended bath 

life due to the high tolerance to the aluminium content. 

2. EXPERIMENTAL 

For the reasons mentioned above, this study deals with anodic oxidation in tartaric acid (TSAA), in which the 

effect of temperature and applied current voltage on the thickness and homogeneity of the coatings was 

observed. Coating thickness is one of the important factors influencing corrosion resistance [5]. In addition, 
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two commercially available additives were tested in this study. The first from Alufinish GmbH & Co. KG (Alfinox 

510) and the second from Ekochem ppú s. r. o. (Rogal 3). 

Al 2024 alloy was chosen as the test material. Namely it was Q panels from Labimex CZ s. r. o. The panels 

were cut to dimensions 50 mm x 71 mm x 1 mm. Prior to the process itself, the samples were degreased in an 

ultrasonic bath in a solution of sodium hydroxide, carbonate and dodecyl sulphate at 50 °C for 8 minutes. This 

was followed by alkaline pickling in NaOH solution (60 g/l) at 50 °C for 1 minute. Finally, the samples were 

activated in diluted HNO3 solution for 30 s and then anodized. The sample was naturally connected as an 

anode and the cathode used in this study was stainless steel. The anodizing bath was stirred during the 

experiments. After each step, the sample was washed with a stream of DEMI water and left in a rinsing bath 

for at least 2 minutes. Subsequently, the resulting coatings on the samples were sealed in boiling DEMI water 

(97 °C) for at least 30 minutes. 

The following four baths were used in the experiment. Bath number 1 (30 g/l H2SO4 + 60 g/l C4H6O6), bath 

number 2 (30 g/l H2SO4 + 60 g/l C4H6O6 + additive), bath number 3 (140 g/l H2SO4 + 30 g/l Rogal 3A + 30 

g/l Rogal 3B + 1ml/l Rogal 3.1) and bath number 4 (140 g/l H2SO4 + 25 g/l Alfinox 510). For commercial 

additives, the range of parameters such as temperature, voltage and current density is fixed in the technical 

data sheets. In the tartaric acid experiments, the temperature and intensity of the applied current voltage were 

experimented with, thus achieving different thicknesses and quality of the resulting layers. 

The thickness of the layers was measured with a thickness gauge (Surfix - PHYNIX GmbH & Co.KG) on the 

principle of eddy currents. Furthermore, metallography samples were prepared, on which the measurement 

results were verified. 

Use of organic acids is based on increasing the conductivity of the electrolyte. The addition of organic acid 

does not increase aggressiveness of acid solution. Then the tendency to re-dissolving of anodic layer is not 

affected. In the case of bath number 2, salt of transition metal was added as an additive. Salts of transition 

metals have been found to mitigate the effects of anodizing by-products. An assumption for this effect is a 

sufficient positive or negative charge (ability to be easily oxidized or reduced) [4].  

2.1. Tartaric - sulfuric acid anodization (TSAA) 

Five samples underwent the experiment. Different current densities were applied, and the exposure time 

ranged from 45 minutes to 80 minutes. The exact parameters are summarized in Table 1. 

Table 1 TSAA (parameters and coating thickness) 

Sample A 55x B 32x C 36x D 33x E 37x 

Current density 
[A/dm2] 

0.7 1 0.6 1.5 0.8 

Temperature 
[°C] 

38 38 30 38 32 

Time [min] 45 45 80 45 60 

Thickness 
(average) [µm] 

5.4 9.9 11.5 11.4 10.8 

Effectivity [%] 33 42 43 38 44 

2.2. Tartaric - sulfuric acid anodization with additive 

Five samples underwent the experiment. Different current densities were applied, and the exposure time 

ranged from 50 minutes to 120 minutes. The exact parameters are summarized in Table 2. 
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Table 2 TSAA + additive (parameters and coating thickness) 

Sample F 38x G 47x H 48x I 52x J 54x 

Current density [A/dm2] 0.8 1 0.9 1.5 1.7 

Temperature [°C] 33 38 33 40 40 

Time [min] 50 50 120 50 50 

Thickness (average) [µm] 4.1 6.0 9.7 8.4 7.7 

Effectivity [%] 37 46 33 39 31 

2.3. Sulphuric acid anodization with Rogal 3 

Two samples underwent the experiment. Concentration of electrolyte was set as provided in technical sheet. 

Parameters of anodization are summarized in Table 3. It should be noted, that both solid parts of Rogal 3 are 

quite difficult to dissolve.  

Table 3 SAA with Rogal 3 

Sulphuric acid with Alfinox 510 

There were 2 specimens subjected to the experiment. Concentration of electrolyte was set as provided in 

technical sheet. Parameters of anodization are summarized in Table 4. The advantage of Alfinox 510 is its 

supplied form - a liquid solution eliminating the solubility problem with Rogal 3. 

Table 4 SAA with Alfinox 510 

Sample M 4x N 5x 

Current density [A/dm2] 1.7 2.4 

Temperature [°C] 25 25 

Time [min] 50 50 

Thickness (average) [µm] 9.4 11.5 

Effectivity [%] 42 37 

3. RESULTS AND DISCUSSION 

3.1. Thickness of anodized layer, metallographic and SEM 

The thickness of coatings was measured by thickness gauge by PHYNIX - Surfix. Subsequently, the thickness 

was measured from a metallographic microgram (Figure 1). Results confirmed accuracy of non-destructive 

measurement method.  

The thickness of the obtained layers ranged from 5.4 µm to 10.8 µm in the case of TSAA and 4.1 µm to 9.7 

µm in the case of TSAA with additive, according to anodizing parameters. The thickness of those obtained 

Sample K 2x L 3x 

Current density [A/dm2] 2.4 3.4 

Temperature [°C] 26 27 

Time [min] 50 50 

Thickness (average) [µm] 11.2 14.5 

Effectivity [%] 36 32 
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from sulfuric acid with commercial additives was in range of 9, 4 µm to 14, 5 µm also depending on specific 

parameters.  

 

Figure 1 Cross section of selected samples 

From the obtained data, it is clear, that with increasing current density, the thickness of the coating also 

increases. The same correlation can be observed in the case of changes in electrolyte temperature, while 

anodizing in TSAA baths. With increasing temperature, the conductivity of the electrolyte increases and, 

despite the effect of back-dissolution, thicker layers form in all TSAA tested electrolytes. However, too long an 

exposure time is not energy efficient and the growth of the layer is very slow, as can be deduced from the 

thickness of the layer formed in the TSAA with the additive after 120 minutes of exposure. 

3.2. Accelerated corrosion Machu test 

The species were subjected to accelerated corrosion Machu test for 48 h according to Qualicoat and QIB 

specifications. After the first 24 hours, the samples were put out and their condition was documented (Figure 1, 
Figure 2). Then 5 ml/l of a 30% hydrogen peroxide was added to the test solution and the samples were left 

in the test for another 24 h (Figure 1, Figure 2). The corrosion rate was evaluated by ČSN EN ISO 10289 

(Table 5). In this standard, samples are evaluated on a scale of 1 to 10 according to the percentage area of 

corrosion.  

 

Figure 2 First series of samples after 24 h (A) respectively 48 H (B) exposition in Machu test 
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Figure 3 Second series of samples 24 h (A) respectively 48 H (B) exposition in Machu test 

Table 5 Evaluation of corrosion machu test 

Bath Sample 
Corrosion rate (ISO 10289) 

24 h 48 h 

TSAA 

A 55x 5 1 

B 32x 4 1 

C 36x 9 6,5 

D 33x 3 1 

E 37x 9 5 

TSAA + additive 

F 38x 4 2,5 

G 47x 10 8 

H 48x 4 2 

I 52x 9 6,5 

J 54x 9 6 

Rogal 3 
K 2x 8,5 4 

I 3x 7 3 

Alfinox 510 
M 4x 9 4,5 

N 5x 8 4,5 

4. CONCLUSION 

Performed tests results conclude that the thickness of the anodic coating itself is not an only factor influencing 

the corrosion resistance of Al 2024 aluminum alloy. The best result was obtained with 6 µm layer (G 47x), 

while the worst result was found for the sample with a layer of 11.4 µm (D 33x). There was no corrosion on 

sample G 47x after 24 h of exposure. However, after 48 hours of exposure, it was possible to observe corrosion 

on about 0.25 % of the sample area (grade 8 according to ČSN EN ISO 10289). Very good results could be 

observed for all samples treated in anodizing baths in the presence of commercial additives. The exception 

was the sample L 3x with the thickest anodic layer.  
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Abstract 

This paper reports on anti-reflective (ARCs) and UV rejection coatings on variety of surfaces. The anti-

reflective coatings have evolved into highly effective reflectance and glare reducing surfaces. The hindered 

amine light stabilizers (HALS) are very effective inhibitors against free radical included degradation of polymers 

at low and medium temperatures. HALS are based on 2,2,6,6,-tetramethyl-piperidine derivates. HALS can be 

categorized according their molecular weight, with low molecular weight (MW) about 200 to 500 g/mol (low 

MW HALS) and those with molecular weight of 2000 or higher as high MW HALS. These classes have different 

rates of diffusion in the polymer matrix, this is important factor in protecting polymers from UV radiation. Very 

low HALS don’t provide much thermal stability. Others like benzotriazoles and benzophenones are cost 

effective and provide better performance than other types of UV stabilizers. Benzotriazoles are widely used in 

high temperature resins. The antireflection coatings have usually two and more layers, but there are a single 

layer ARC. The single layer ARCs are based on silica nanoparticles with polymer substrate. A broad-spectrum 

light absorbing medium could be coated by SiO2, SiO, TiO2, ZrO2, Ta2O5 or Si3O4 or by spin coating method. 

One of the layers could be an electrically conductive metal oxide, UV-stabilized polymers or material with low-

refractive index. These layers can be laminated. The aim of this study is to find a pathway for structure with 

low volatile organic compound (VOC) coating and second goal is to formulate novel UV rejection ARC. 

Keywords: Surface, anti-reflectivity coating, UV rejection 

1. INTRODUCTION 

Optical coatings have been used in discovery, exploratory and monitoring missions since the beginning of 

space borne missions. The first application was in the 1958 at the Vanguard satellite in reaction to the USSR 

Sputnik a year earlier. Coatings that perform critical optical functions have been used in space instruments for 

the NASA. Pre-flight testing on the earth’s surface in simulated space environments revealed changes in 

spectral and efficiency performance that are comparable to those changes observed in space. It has been 

learned that coating layers tend to absorb water in the atmosphere, and when inserted in the vacuum of space, 

the volatile water leaves. The coatings have evolved into e.g. anticorrosion, interior, frontage, impregnation or 

highly effective reflectance and glare reducing paints and coatings. Proper paint features can be achieved by 

optimization of paint mass formulation. Paint surface properties can be modelled by volume concentration of 

pigment (VCP) and by incorporation of additive such as polishers, defoamers etc. Paints VCP are divided in 

two groups: smooth and fine surface creating with low VCP and rougher surface creating with high VCP. 

The coatings contain macromolecular binders which degrade under UV light. Therefore, it is necessary to 

protect them. One of the possibilities how to protect them is to use UV stabilizers. The stabilizers work on 

principle that is based on catching free radicals in a coat to acquire a stable non-reactive radicals, in the next 

step it is a reaction with another radical to acquire a „new“ polymer chain. The UV stabilizer is ready to catch 

a next radical in the coating film. [1] The aim of this study is to find a pathway for structure with low volatile 

organic compound (VOC) coating and second goal is to formulate novel UV rejection ARC for use in cosmic 

environment. 
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2. ARC COATINGS 

Volatile organic compounds (VOC) are complication for coatings in space environment. If prepared coatings 

still contain VOC, after exposition to ultra-high vacuum, the residual solvents evaporate and destroy coating 

film and potentially blind sensors. Therefore, it is appropriate to use coatings with extremely low VOC or powder 

coatings. In real use, multi-layer ACR instead of single layer ACR are usually applied 

For the antireflection coating, a reflection-reducing interference layer system containing a plurality alternating 

layer composed of high refractive index and low refractive index materials are usually used. These layers can 

be composed of poly-methyl methacrylate (PMMA) or other thermoplastics. [7] Most desirable approach is a 

broadband anti-reflection coating which is independent of the light incident angle. These coatings are 

nanostructures prepared e.g. on glass, quartz or other surface types by plasma etching method. The other 

possibility is an organic material combined in organic-inorganic hybrid layers applied to the alternating layers. 

This layer system has particularly low reflection over a wide wavelength range. This is based on the fact that 

the nanostructured layer composed of the organic or organic-inorganic hybrid materials have a porous 

structure with very low effective refractive index that could not be obtained with conventional materials for 

interference layer system. The thickness of nanostructured layers ranges from 50 to 150 nm. Figure 1 shows 

the multi-layer ACR, which have 4 different types of interlayers and rough surface. [2-4] 

 
Figure 1 Scheme of multi-layer ACR with rough surface, where for example layer 1 could be base - PMMA, 

layer 2 base protection - enamel, layer 3 thiouretane coating and layer 4 polycarbonate coating. Rough 

surface could be inorganic graphene coating  

 
Figure 2 Various types of anti-reflective coatings (ARCs) based on the layer composition surface [6] 
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The polymer layer can be prepared by plasma polymerization. This type of polymerization of vaporous organic 

precursor compounds are firstly activated by plasma in a vacuum chamber. The result of activation is ionized 

molecules and these molecules undergo fragmentation creating clusters or chains. The condensation of these 

fragments on the surface brigs the polymer layer. Prepared polymer layers usually contain following 

compounds: styrene, allylamine, vinyl acetate, vinyl alcohol, hexamethylenedisoloxane (HMDSO), silicone, 

polyurethane, PMMA or melamine. The inter layers could be homo and copolymers or carbonates, diethylene 

glycol bisallylcarbonate, urethane, thiouretane, epoxide and combination of them. The useful materials for 

substrates are quartz, polyurethanes, polythiouretanes, acrylic/methacrylic/thioacrylic and polycarbonate 

polymers. Figure 2 shows types of ACR. [4-6] 

2.1. Single Layer ARC 

The Fresnel equation can be used to calculate the intensity of light reflecting on each surface. Here, ns 

represents a non-absorbing material through the refractive index at an ideal wavelength. In this regard, to 

decrease the substrate reflection down to zero at that wavelength the coating thickness should achieve the 

subsequent circumstances 1 and 2. 

P�)' � �P�P@V�               (1) 

��)'
�

C ∗V;S�                (2) 

where: 

ns - represents a non-absorbing material through the refractive index at an ideal wavelength 

nenv - is the refractive index (RI) of the medium layer 

narc - is the refractive index (RI) of the ARC surrounding respectively  

darc - is the ARC thickness 

It should be noted that these equations are valid only for a nonadsorbing, homogenous medium, the loss of 

each medium will make the calculation more complicated. The biggest challenge for single layer with quarter-

wavelength ARCs is the decrease in the reflectivity for partial wavelengths and incidence angles, where they 

will vanish at glazing incidence angles. This is because of the varying incident light optical path-lengths of the 

glazing incidence. In this light, the phase difference between the incident and reflected waved cancel each 

other out when the glazing incidence is dependent on the norm. 

In recent years, there have been several successful applications of TiO2 nano structures-based ARC on solar 

cells. One of the best candidates for single layer ARCs is inorganic coating similar to polymers. Even though 

they demonstrate lower refractive indices in comparison to inorganic ARCs, polymer coatings are stretchable, 

lightweight, and bendable. There are some researchers who describes use of such polymer on a substrate like 

graphene. An example is a study that applied PMMA as a single layer ARC on a layer of graphene to decrease 

the reflection. The fabrication process of this coating is simple, the results are considerable. The graphene 

was spin coated with PMMA (Mw 50,000, 4 wt.% in ethyl lactate) at a speed (1,000-3,000 rpm). The copper 

substrate underneath the graphene film was etched away from the FeCl3/HCl solution, resulting in the PMMA 

coated graphene floating on the water surface.  

The creation of suitable profiles could improve AR properties. The rendering of antireflective substrates has 

been demonstrated since the 1960s through surface texturing. The texture surface with wide angle shows the 

Figure 3. [6,7] 

This study shows following, the module surface texturing and that the addition of an anti-reflective coating 

increases the clean photovoltaic module power out-put with a mean of between 4 % and 8 %.  
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Figure 3 Textured surface wide angle view which shows the cross-sectional conformal deposition of the 

layers [6] 

3. CONCLUSION 

Presented article demonstrates the possibility to realize single layer ARC with SiO2 and TiO2. The multi layers 

are better than single-layer ARC, because there is a possibility to combine more layers for better radiation and 

UV rejection. As for UV rejection properties, there are several different types of HALS used. The structure 

polymers show better properties than non-structure polymers, that is why they have been chosen as a primary 

solution. For basic characterization, size exclusion chromatography (SEC) is used. For complete 

characterization and determination of structure, combination of SEC with multi angle scattering (MALS) and 

on-line viscosimeter is applied. The prepared structure polymers are used for formulation of VOC UV rejecting 

coatings for space environment. 
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Abstract  

Distortion in additively manufactured metal parts is of interest to keep structural reliability. It is important to 

control the dimensional tolerance of the additively manufactured structure. This does not only reduce the cost 

of manufacturing, but also improves the quality of the manufactured parts. Distortion in additive manufacturing 

(AM) is inevitable due to localized heating, large thermal gradient, thermal cycles, cooling rate, process 

parameters, etc. Base plate distortion during the AM process was studied in detail. Base plate structural 

deformation was measured using a 3D scanner. The surface geometry of the base plate reveals a large 

distortion beneath the deposited material due to the temperature gradient. Thermal history and distortion during 

the AM process were classified into three stages. Mitigation methods for the respective stage was discussed. 

A Finite Element Model (FEM) was built and a numerical calculation for thermal and distortion was validated 

to experimental results.  

Keywords: Additive manufacturing, direct energy deposition (DED), finite element modeling, distortion, steel 

316L 

1. INTRODUCTION 

Direct Energy Deposition (DED) is one of the well-known metal deposition techniques in the Additive 

Manufacturing (AM) process. DED process utilizes a focused heat source (Laser or Electron beam) to melt 

feedstock material in the form of powder or wire to build a three-dimensional structure [1]. The feedstock is 

provided coaxially to laser at the melt pool. DED exhibits key advantages such as support less deposition with 

high production rate, development of functionally graded materials, etc. The localized heating source creates 

large thermal gradients that result in residual stress and distortion in the sample. A unique application of DED 

in the field of repairing functional metal parts, surface treatment, etc. drags attention to analyze building 

platforms. Distortion in the built platform is important to understand in DED to implement function parts repair 

applications successfully.  

The literature on residual stress and distortion mitigation in the base plate explores several studies [2-7]. David 

J.Corbin et al. studied preheating thin and thick base plate. The outcome of the research work is preheating 

effective for the thin base plate. 27.4 % of distortion reduction is reported for thin substrate during first layer 

deposition. However, the number of deposition layers was limited to three and ten layers. Xufei Lu et al. studied 

the process parameter influence on asymmetric base plate distortion. The base plate was mounted in the form 

of a cantilever structure. Distortion during the deposition of the first layer and during the cooling stage after 

deposition contributes a significate percentage for total distortion of the base plate. Preheating base plate 

reduces the temperature gradient and initial distortion almost vanished at 700 °C. In both cases a structural 

boundary condition was different and the base plate was not symmetrical which influenced base plate distortion 

during deposition process. 

The primary objective of this work is to develop the FE Model and validate numerical results with experimental 

data for further application of the numerical model. Another main goal of this work is to study in detail the effect 
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of distortion during three-phases of deposition i.e. Phase (1) deposition at the first layer, Phase (2) Deposition 

from the second layer to end, Phase (3) a cooling period. 

1.1. Materials  

Austenite stainless steel 316L (Sandvik Osprey LTD) powder with a 50-150 µm particle size range was used 

as deposition material. The base plate cut from 316L rolled sheet was heat-treated at 400 ̊C for four hours to 

remove potential residual stress. Chemical properties of steel 316L are listed in Table 1.  

Table 1 Powder and base plate steel 316L chemical composition (wt. %) 

 Fe Cr Ni Mo Mn Si 

Powder (316L) Bal. 17.2 10.4 2.3 1.3 0.8 

Base Plate (316L) Bal. 16.24 10.49 2.14 1.12 0.44 

Figure 1 depicts the austenitic steel 316L temperature-dependent material properties used in the numerical 

analyses. Thermophysical properties were generated in JmatPro software using the chemical properties of the 

material listed in Table 1. 

 

Figure 1 Temperature dependent material properties for FEM simulation 

1.2. Experimental setup and measurement 

InssTek MX-600 metallic deposition system is equipped with DED process technology that was used for the 

deposition. The machine generates a laser beam with the diameter of 0.8mm. The laser power was maintained 

at 500 W. The velocity of the laser head nozzle was 14 mm/sec. Argon was used as shielding gas during the 

deposition process. Materialise Magics software was used for job preparation that includes defining scanning 

strategy, model orientation, define process parameters for the deposition machine. A contour filling scanning 

strategy was implemented [8]. 
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The thermocouple of type ‘K’ was used to measure in situ temperature on the base plate [8]. Thermocouple 

positions and sample dimensions are shown in (Figure 2 a). TC-1 and TC-2 thermocouples are located at the 

top surface of the base plate in X-Y plane. Thermocouple TC_BC was welded at the centroid of the bottom 

surface of the base plate. Deposition height is 10mm in the Z-axis. The building structure consists of 40 layers. 

Building time was 130 minutes. 

 
(a) 

 
(b) 

Figure 2 (a) Model dimension and thermocouple location in mm (b) 3D printed structure on base plate  

(scale in mm) 

Distortion was measured using Optical Precision Measuring Machine (OPMM) ATHOS Capsule (GOM 

Company). The surface geometry of the base plate before the deposition was measured as a reference profile. 

The surface profile of the deposited model shown in (Figure 2 b) was generated using OPMM. The reference 

model was compared to the deposition model using GOM Inspect software for distortion measurement.  

1.3. FE model 

The CAD model was prepared using 3DExperience CATIA software. FE model was prepared using 

3DExperience finite element analysis software. 3DExperience dedicated AM module was employed for DED 

Thermo-mechanical process simulation. Laser path and element activation were defined using G-code from 

the machine. G-code was translated into a data file using the python script and attached to the AM process 

simulation. Data included a coordinate position and corresponding time with laser power was formulated in the 

data file. Heat Transfer Coefficient (HTC) of 18 W/m2.K and emissivity of 0.1 was set to the deposition material. 

The HTC of 40 W/m2.K was set to the base plate. The absorption coefficient was set to 0.42. The initial 

temperature of 27 °C was allotted for the whole structure. Ambient temperature was set to 27 °C. Hexa 

dominant elements which contained linear heat transfer element (DC3D8) for thermal analysis were used. 

Linear elements (C3D8) from the 3DExperience library was used for a structural analysis. FE model consisted 

of 53016 elements and 63175 nodes on the base plate. The element size in the base plate was 

1.011×1.011×1mm. The deposition structure contained the element of size 1×1×0.5mm which results in 25920 

elements and 28749 nodes. The thermal analysis was simulated using above stated boundary conditions and 

time depended thermal development output was linked to the mechanical analysis to drive a nonlinear 

distortion calculation. 

2. RESULTS AND DISCUSSION 

2.1. Thermal history 

The thermal history from the FEM calculation at specific nodal positions was compared to corresponding 

thermocouple locations on the base plate. A significant-close agreement was noticed. 
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Three phases of the temperature evolution can be noticed from the thermal history as shown in Figure 3. The 

first phase of the temperature evolution was during the deposition of the first layer. A sharp rise in temperature 

up to 420 °C from the room temperature at the bottom center of the base plate (TC_BC) was recorded. 

Similarly, A sharp rise to 200 °C was recorded from TC2 which was at the upper surface of the base plate 

about 2mm away from the contour deposition path. A remarkable difference in the temperature evolution can 

be noticed around the deposition and at the bottom surface of the base plate. TC1 which was at the furthest 

from the deposition recorded temperature rise to 60 °C. 

 

(a) 

 

(b) 

Figure 3 (a) Thermal history from thermocouple TC1 (b) Thermal history from thermocouples TC2 & TC_BC 

The second phase showed a stable temperature period from the 2nd layer to the 40th layer depicted in  

(Figure 3). During the third layer deposition, the maximum of 520 °C, 440 °C was recorded from TC_BC, TC1 

respectively. Once the highest temperature was reached, gradual temperature drop was recorded for every 

layer deposition in the case of TC1 and TC_BC as shown in (Figure 3). This is due to the increase in distance 

of the melt pool from the base plate. The extreme peaks in the graph were recorded when the thermal source 

approach to the thermocouple. The fluctuation in temperature at these two positions reveals base plate 

sensitivity to moving concentrated thermal energy under and around the deposition zone. Almost a stable 

temperature of about 200 °C was recorded at the TC2 position. This shows a temperature gradient away from 

the deposition vicinity in the base plate during the deposition process from in situ measurements.  

(a) (b) 

Figure 4 (a) Thermal evolution at the beginning of the 6th layer in ̊ C, step time 1183sec (b) Thermal 

evolution at the end of the 6th layer deposition in ̊ C (step time=1345sec) 

Figure 4 depicts the crosssection at the center of the structure along the X-axis. The heat source at the two 

extreme positions in a layer is considered to analyse the thermal gradient in the base plate around the 

deposition. Figure 4 a represents the thermal source at the start of the deposition during the 6th layer.  

Figure 4 b is at the instance during the end of the 6th layer deposition. The thermal contour plot shows a 

temperature gradient in the base plate along the Y-axis away from the deposition when the thermal source 

was at the contour of the building structure. This closely agrees with in situ measurement at three locations. It 

is evident that the temperature gradient in the base around the deposition.  
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Phase 3 is the cooling period after the thermal source was turned off. A large cooling rate of 0.112 °C/sec and 

0.138 ̊C/sec was recorded at TC_1 and TC_BC respectively. This is the consequence of a large thermal 

gradient to the surrounding deposition chamber. The cooling rate at TC_2 was recorded at 0.074 ̊C/sec. 

2.2. Distortion history 

Distortion in the deposited structure was measured by comparing it with the reference model. Figure 5 (a) 
shows the cross-section at the centroid of the structure in the Z-X plane. The blank white region inside the 

base plate represents the reference model inserted into the deposited structure model. Vertical distortion in 

the symmetric base plate can be seen maximum at the center. A large temperature at the deposition interface 

on the base plate results in volumetric expansion. Linear expansion of material can be expected from stable 

austenitic steel 316L that doesn’t undergo phase transformation. Thermal dilatation could be resisted by base 

plate material around the deposition due to the thermal gradient discussed in the previous section. The 

comparatively large temperature below deposition in the base plate aid vertically downward distortion as shown 

in (Figure 5 a). 

 
(a) 

 

 (b) 

Figure 5 (a) Distortion measurement in Z-X plane (b) Distortion comparison graph  

 

(a) (b) 

Figure 6 (a) Vertical distortion contour plot in mm (b) Nodal distortion at the bottom center of the base plate 

Numerical results for distortion agree trend with the experiment measurement depicted in (Figure 5 b). The 

distortion curve is an average between two planes from ZX axis and ZY axis. The vertical distortion contour 

plot from FEM simulation is depicted in (Figure 6 a). Distortion history from the FEM model is classified into 3 

phases according to the distortion rate. The node at the bottom center of the base plate surface which 

experiences maximum distortion is considered for analysis shown in (Figure 6 b). The deposition until the 6th 

layer is classified as the first phase of distortion which contributes a significate amount of 62 % for total 

distortion. The distortion per layer deposition was at a larger magnitude in this section. The first phase distortion 
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can be mitigated by reducing the temperature gradient in the base plate. One of the promising methods is base 

plate preheating [4]. The second phase of distortion is from the sixth layer onwards to the end of the deposition. 

It accounts for 29 % to total distortion. The process parameter plays an important role in mitigating distortion 

in the second phase [4]. The process parameter varying could affect the mechanical properties of the built 

structure. The third phase of distortion belongs to the cooling period. It accounts for 9% of the total distortion 

of the structure. One possible option to mitigate distortion in this phase is by reducing the cooling rate. 

3. CONCLUSION 

The symmetric base plate was selected to study distortion during the deposition process. The symmetric base 

plate was explicitly chosen to avoid longitudinal bending, buckling distortion, rotational distortion, etc from a 

concentric thermal source. A large distortion beneath the deposition area noticed due to the thermal gradient 

in the base plate. The numerical model was built for thermo-mechanical simulation and calibrated to 

experimental results. The thermal gradient inside the base plate was studied from the thermal numerical model. 

The distortion rate during the deposition process was classified using the numerical model. The validated 

model provides a modeling framework for DED simulation to implement proposed distortion techniques at 

various stages during the deposition process. 

ACKNOWLEDGEMENTS   

The paper was developed with a support from the ERDF project Pre-Application Research of 
Functionally Graduated Materials by Additive Technologies, No. CZ.02.1.01/0.0/0.0/17_048/0007350. 

REFERENCES 

[1] DASS, A. & MORIDI, A. State of the art in directed energy deposition: From additive manufacturing to materials 

design. Coatings. 2019, vol. 9, pp. 418. 

[2] JENDRZEJEWSKI, R., ŚLIWIŃSKI, G., KRAWCZUK, M., OSTACHOWICZ, W. Temperature and stress fields 

induced during laser cladding. Comput. Struct. 2004, vol. 82, pp. 653-658. 

[3] AGGARANGSI, P., BEUTH, J. L. Localized preheating approaches for reducing residual stress in additive 

manufacturing. In: 17th Solid Free. Fabr. Symp. SFF, 2006, pp. 709-720. 

[4] LU, X. et al. Residual stress and distortion of rectangular and S-shaped Ti-6Al-4V parts by Directed Energy 

Deposition: Modelling and experimental calibration. Addit. Manuf. 2019, vol. 26, pp. 166-179. 

[5] DENLINGER, E. R., MICHALERIS, P. Effect of stress relaxation on distortion in additive manufacturing process 

modeling. Addit. Manuf. 2016, vol. 12, pp. 51-59. 

[6] CORBIN, D. J., NASSAR, A. R., REUTZEL, E. W., BEESE, A. M., MICHALERIS, P. Effect of substrate thickness 

and preheating on the distortion of laser deposited ti-6al-4v. J. Manuf.Sci.Eng. Trans. ASME. 2018, vol. 140, pp 1-
9. 

[7] DING, C., CUI, X., JIAO, J., ZHU, P. Effects of substrate preheating temperatures on the microstructure, 
properties, and residual stress of 12CrNi2 prepared by laser cladding deposition technique. Materials (Basel), 

2018, vol. 11. 

[8] KIRAN, A., HODEK, J., VAVŘÍK, J., URBÁNEK, M., DŽUGAN, J. Numerical simulation development and 

computational optimization for Directed Energy Deposition Additive Manufacturing process. Materials. 2020. 
(under review). 

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

869 

STUDYING THE SELF-ORGANIZATION OF MACROMOLECULES ON THE SURFACE OF 
TEXTURED POLYMER COATING OF METAL SHEET 

1Olga MAKSIMOVA, 2Valentin SMIRNOV, 2Stepan OSIPOV, 1Evgenii MENSHIKOV,              
2Andrei MAKSIMOV, 1Vladislav EGOROV, 2Alena TRIFANOVA, 1Aleksander BAIDZHANOV, 

2Nadezhda OSIPOVA 

1Cherepovets State University, Laboratory of Mathematical and Computer Modeling, Cherepovets,      

Russian Federation, og62@mail.ru  

2Cherepovets Stste University, Department of Physics, Cherepovets, Russian Federation  

https://doi.org/10.37904/metal.2020.3566 

Abstract  

To describe a surface morphology of textured polymer coatings, the model of polymer chains attached to 

spherical granules was developed. By means of the model, we revealed the influence of coating density on its 

surface morphology. Diffuse reflection coefficient was calculated for polymer coatings with different 

morphologies. 

Keywords: Textured polymer coating, associate, corrosion resistance, diffuse reflection coefficient 

1. INTRODUCTION  

The corrosion destruction is one of the main reasons for reduced efficiency of metal products [1,2]. One of the 

effective methods to prevent the corrosion is applying a polymer coating to steel sheets. The determination of 

corrosion resistance is an expensive procedure and requires a long test interval for its test (e.g., about 1 month 

in a salt spray chamber). The main indicator of the coating quality is the thickness of the polymer film. However, 

the production test data and the simulation results [3] show that there are manufacturing regimes which 

increase the polymer coating thickness for a given depth of the raw layer. It is economically profitable for a 

manufacturer to reduce the raw layer depth of polymer material and decrease artificially its density using 

special temperature conditions for the coating formation. Thus, the cost of production is reduced and it satisfies 

the quality requirements for polymer coating thickness [4]. However, an excessive decrease in the coating 

density leads to reduced corrosion resistance [5]. Therefore, the development of simple methods that allow 

determining the deviation of the polymer coating density from the standard one is a relevant task. 

The objects of research in this paper are the surfaces of textured polymer coatings of the “Steel Velvet” type 

produced in PAO Severstal (Cherepovets, Russia). The texture of these coatings is created due to the 

presence of the filler consisting of polyacryl or polyamide granules in the paint material. During the drying 

process, polymer molecules are adsorbed on the particles surface, forming associates of the radial “viscous 

fingers” type [5], which are collected in star-shaped clusters scattered over the entire surface of the metal sheet 

(Figure 1). The surface morphology of such coatings depends on their formation regime and chemical 

structure of the paint material. If the temperature regime is violated, the sizes of associates change, they may 

be observed by means of an optical microscope. The aim of this work is to develop an optical method for 

detecting deviations of the polymer coating density from the standart one.  
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2. MODEL 

To study the sizes of associates, a model describing the arrangement of polymer chains near a spherical 

granule was developed. We relied on the fact that the associate near the granule has the shape of a rotation 

figure resembling a truncated cone. This is confirmed by the image obtained by the scanning probe microscopy 

method (Figure 1c). The angle of the cone in the reference sample α = 68°, the diameter of the associate  

d = 34.7 μm. 

 
Figure 1 The surface image of rolled sheet metal with a polyester textured coating obtained by optical 

microscopes with different resolutions (a and b) and scanning probe microscopy (c) 

In the proposed model, it is assumed that polymer chains are adsorbed on a spherical surface of the radius R 

(Figure 2), forming supramolecular structures (associates). The angular size of such structure is limited by the 

solid angle α (Figure 2a). The position of an individual polymer chain inside the finger is characterized by the 

angle θ (Figure 2b). One chain ends are adsorbed on the spherical granule surface, the opposite ends are 

stretched. Each chain can be divided into three sections AB, BC and СD with lengths l1, l2 and l3 respectively. 

The intermolecular distances in the section AB are equal to b0 and they are determined by the chemical 

structure of the polymer, the intermolecular distances near the granule (in the section CD) bg depend also on 

the chemical composition of the granule. Therefore, the values b0 и bg are different. The ratio between these 

distances is defined by the ratio g = b0 / bg.  

 
Figure 2 Model of the polymer system near the granule 
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Section CD. The potential energy is calculated by the formula 

31 lw   ,               (1) 

where the factor Ψ characterizes the adsorption strength as the corresponding parameter in the ref. [7]. 

Section ВС. It is assumed that the interchain distance b in this section varies linearly along the y-axis from bg 

(at the point С) to b0 (at the point B). The potential energy in this section consists of two terms. 

Lennard-Jones Potential for two chain links with the length llink, located in adjacent chains is defined as 
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where ε is the depth of the potential well. We took into account interactions with only four nearest neighbors, 

since Lennard-Jones potential decreases greatly with distance. 

The energy of orientational interactions. This term was calculated in the framework of the Hurst and Harris 

[8] model, in the mean field approximation developed in the Maier -Saupe theory [9]. To simplify the description 

of the effects related with intermolecular orientational interactions, we introduce the mean (molecular) field 

μ⋅V, where the quantity μ is the long-range orientational order parameter for kinetic chain units. The mean field 

V is created by dipole-dipole interactions between chain units and its value is inversely proportional to the 

value of the interchain distance. Therefore, V ~   , where the quantity ρ is the density of the polymer film. 

The energy of orientation interactions is calculated by the formula 
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where the long range orientation order parameter μ2(y) is determined from the solution of the Langevin 

equation 
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where L(x) is the Langevin function, T is the peak temperature of coating formation (K). 

Section АВ. The potential energy also consists of two terms. It is assumed that the intermolecular distance b0 

in this section is constant. Lennard-Jones Potential in this section is given by 
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The potential of orientation interactions is calculated by the following expression 

Vyw or  )(
2

11  ,                                                                                    (6) 

where the value of the long-range orientation parameter μ1(y) is also determined from the solution of the 

Langevin equation (4). 

The length of the arc OC is equal to R⋅θ, and the length of the segment OB is equal to R⋅θ⋅g. Therefore, for a 

given angle Θ the length of the section l2 is calculated by the formula 
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The average ratio between lengths l1 and l3 is determined from the Boltzmann distribution 
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where Lchain is the contour length of the chain. 

The total energy of one chain is equal to  

)()()()()( 3221  wwwww LDor  .                                                          (9) 

The energy of the polymer chains located inside the associate (Figure 2 a) is equal to 
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where the quantity c is the concentration of macromolecules (the number of chain links adsorbed per unit area 

of the granule). 

3. DETERMINATION OF MODELING PARAMETERS 

To determine the simulation parameters, it is assumed that the associates are arranged on the granule as a 

dense package of spherical caps on the sphere. The density of such package is approximately equal to 0.9069. 

The area of one associate on a granule is equal to 2⋅π⋅R2⋅(1 - cos Φ) or 0.9069⋅(4⋅π⋅R2) / N, where N is number 

of associates. Therefore, the angle Φ can be calculated using the formula 








 
N

81.1
1arccos .                                                                                   (11) 

In the image of the reference sample (Figure 1b), we can observe only the upper half of the granule, on the 

surface of which 6 associates are located. Therefore, the total number associates N = 12. Calculations have 

shown that in the reference sample, the angle Φ = 33 °. Using the scanning probe microscopy method  

(Figure 1c), we have determined the value of the angle α = 68 °. The formula for the ratio between the angles 

Φ and α has been obtained.  
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Calculations have shown that for the considered system, the value of g = 1.14. 

Figure 3 shows the dependence of the potential energy of one associate vs. the angle Φ. The simulation 

parameters have been selected from the condition that the potential energy has a minimum at the angle  

Φ = 33 ° (orange curve) 

4. RESULTS OF THE SIMULATION 

For the chosen parameters, the angle Φ changes insignificantly with varying the temperature. The simulation 

results for other parameters have shown that the width of the associate decreases with increase in the final 

temperature (the peak temperature of the metal). However, the structure of the polymer system is determined 

not only by the final temperature, but also by the time during which the system was at high temperatures. In 
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this case, according to the Arrhenius equation, the length of the polymer chain increases. Figure 3 shows that 

increase in the chain length leads to decrease in the angle Φ, and, consequently, to decrease in the associate 

width d and increase in the number of rays in the star-shaped cluster (Figure 1a). Calculations have shown 

that the thickness d does not depend on the granule size. Therefore, for modeling the surface morphology of 

a textured polymer coating on a solid, the granule size may be chosen arbitrarily. 

Figure 4 shows the angle Φ vs. the density of the polymer film. As can be seen from the figure, the angle Φ 

decreases with the decrease in the coating density. This leads to a decrease in the width of the associate and 

an increase in the number of rays in the star-shaped cluster (Figure 1a). Therefore, a violation of the 

temperature regime of coating formation may be determined by comparing the surface texture of the product 

and the standard by means of optical microscope. The sharp increase in the angle Φ is explained by the 

existence of a structural transition in the polymer system. 

 
 

Figure 3 The potential energy of the associate vs. 

the angle Φ. V/ε = 60, ψ/ε = 1, kB⋅T/ε = 20 

Figure 4 The angle Φ vs. the coating density ρ  

of the reference sample 

5. DIFFUSE REFLECTION COEFFICIENT 

The optical properties of the coating are affected by its surface morphology. Therefore, the influence of the 

associate’s size on the value of the diffuse reflection coefficient (DRC) was investigated. The formulas given 

in ref. [10] were used for a quasiperiodic surface when it is illuminated normally to the metal surface. 
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where γm is the maximum value of the tangent of the angle of sine wave inclination to the metal plane, 
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The Fresnel coefficient r F(β) in Eq. (13) at normal incidence of natural light is determined by the formula 
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where the quantities n1 and n2 are the refractive indices of light in air and in the polymer, respectively. 

Figure 5 shows the DRC vs. the width of the associate for different values of its height h. As can be seen from  

the figure, the DRC increases almost linearly 

with an increase in the associate width. 

Meanwhile, an increase in its height leads to a 

decrease in the DRC. 

6. CONCLUSION 

The simulation results have shown that the 

surface morphology of the textured polymer 

coating on the metal sheet is determined not 

only by the chemical structure of the polymer 

material, but it is also sensitive to changes in the 

temperature regime of its formation. For 

example, artificial reducing the density of the 

coating leads to a decrease in the size of the 

associate and a decrease in the DRC. 
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Abstract 

The aim of this study was to determine the influence of selective laser melting (SLM) process parameters on 

the formation of cracks in nickel-based single crystal alloy. Several sets of laser scanning parameters, with 

varied laser power, scanning speed and hatch distance, thus resulting in different volumetric and linear energy 

densities, were investigated. The relationship between energy density, specimen densification, cracks 

formation and evolution of directional microstructure was shown. It was found that higher linear energy density 

results in fewer cracking and defects. Cracking in lower energy samples was attributed to the formation of 

thermal shrinkage pores in the interdendritic spaces and precipitation of Ta, Mo and Nb carbides along the 

dendrites boundaries. 

Keywords: Selective laser melting, Ni single crystal alloys, additive manufacturing, crack formation  

1. INTRODUCTION 

Search for new materials suitable for additive manufacturing (AM) of complex parts is driving the future 

developments of additive technologies. Recently, there were many scientific papers devoted to the 

development, characterization and application of new materials in the additive industry [1-6]. 

Nickel heat-resistant single-crystal silicon-containing alloy was developed in the second half of the last century 

and is usually used for the production of turbine blades using directional solidification casting method [1]. 

However, as a result of non-equilibrium solidification conditions, products manufactured by this method are 

characterized by chemical and structural heterogeneity. The size and shape of the '-phase in dendrites and 

boundary regions differ significantly (in the boundary regions, the ’-phase particles are much larger than in 

the axes of dendrites). The use of high-temperature homogenization helps to eliminate heterogeneity and form 

a more homogeneous microstructure of the alloy. However, it is not possible to eliminate the release of rhenium 

along the borders of dendrites by heat treatment due to its low diffusive activity. Such rhenium release leads 

to the formation of topologically densely packed phases. 

There exist two negative effects of topologically densely packed phases on the properties of the nickel-based 

single crystal alloy. Firstly, packed phases are the source of the origin of micro-cracks leading to a decrease 

in the plasticity of the alloy. Secondly, the absorption of a significant number of -stabilizing elements leads to 

depletion of the solid solution and reduces the degree of solid-solution hardening. 

The advantage of the selective laser melting (SLM) over the directional solidification method is a more 

homogeneous distribution of alloying elements throughout the entire volume of the product, which will be 

discussed in this paper. However, the use of SLM requires optimization of process parameters and problems 

associated to it. One of these problems is in the formation of cracks during the printing process [7-12]. 
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Microstructural investigation and cracks analysis in Ni-based specimens manufactured by selective laser 

melting is described in this paper. The aim of this study is to achieve a deeper understanding of cracking 

mechanisms in the process of selective laser melting. 

2. EXPERIMENTAL METHODS 

Rectangular specimens were manufactured from nickel alloy powder (the chemical composition is given in 

Table 1) using Aconity3D MIDI selective laser melting facility (Aconity3D GmbH, Germany). The machine is 

equipped with laser source with variable focal spot diameter with gas power distribution and a maximum power 

of 1000 W. Moreover, machine is equipped with a module to enable operation with platform preheating up to 

1200 °C. SLM process parameters, resulting in differed values of volume and linear energy density, are shown 

in Table 2. 

Table 1 Chemical composition of Nickel alloy powder used in this study (wt%) 

Ni Cr Al Mo W Co Re Ta Nb C B 

62.9 4.9 5.9 1.1 8.4 9.0 1.93 4.1 1.6 0.12 0.01 

Table 2 Process parameters used in this study 

Energy density Specimen 1 Specimen 2 Specimen 3 Specimen 4 

Linear (J/mm) 0.24 0.45 0.6 0.8 

Volume (J/mm3) 97 97 120 160 

The chemical composition and microstructure of the SLM specimens were analyzed by Carl Zeiss Supra 55VP 

scanning electron microscope (SEM). The integrity of the sample after SLM was examined on a Leica DMI 

5000 light optical microscope. 

3. RESULTS AND DISCUSSION 

Sample’s integrity investigated by a Leica DMI 5000 light optical microscope showed that specimens 

manufactured with higher linear energy density have fewer cracks and fractures. Figure 1 shows panoramic 

photos of the central part of the specimens along. According to them, specimens 1 and 2 show that the integrity 

of the material improves with an increase in the value of the linear energy density, despite the same values of 

the volumetric energy density.  

 

Figure 1 Cracks along the cross sectioned building direction (BD) of the specimen: a) - 1; b) - 2; c) - 3; d) - 4 
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Table 3 The results of graphical analysis of images obtained with an optical microscope 

 Specimen 1 Specimen 2 Specimen 3 Specimen 4 

Amount of cracks, % >3.5 >0.8 >0.3 <0.03 

At the same time, photos of specimens 3 and 4 also demonstrate the tendency to reduce the number of defects 

when using parameters sets that provide higher values of linear energy density. Figure 1 d shows that in 

sample 4 grown at a linear energy density of 0.8 (Table 2). There are practically no large volume failures. 

It was found that the obtained specimens have a heterophase structure consisting of columnar -phase cells 

stretched along the building direction (marked by arrow in Figure 1) and highly dispersed ’-phase based on 

Ni3Al intermetallic along the dendritic boundaries. Moreover, the segregation of alloying element and formation 

of carbides is observed in the interdendritic zones (Figures 2 and 3). Carbides are important for ensuring the 

strength properties of heat-resistant nickel-based alloys at temperatures above the solubility limit of the 

intermetallic ’-phase. The strengthening effect of carbides is to prevent recrystallization along the borders of 

dendrites and increase the temperature performance. EDX analysis (Figure 3) showed that these 

precipitations are Ta, Mo and Nb carbides. Figure 3 also shows that the production of parts by selective laser 

melting contributes to the uniform distribution of rhenium throughout the sample without any additional heat 

treatment. This observation may indicate the advantage of using the selective laser melting method to produce 

heat-resistant nickel-based alloys over the traditional directional solidification method. 

  

  

Figure 2 Scanning electron microscopy images showing cracking within dendritic microstructure 

30 μm 30 μm 

30 μm 30 μm 
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Scanning electron microscopy images showed that cracks are formed exclusively along the boundaries of 

dendritic grains in places of large accumulation of carbide precipitations, despite the significant role of carbides 

in the formation of heat-resistant properties of nickel-based alloys. 

The crack development mechanism is in the formation of shrinkage micropores in the interdendritic spaces of 

single crystal alloy and at the boundaries of the ’-phase and eutectic, and the strengthening ’-phase particles, 

as well as Ta, Mo and Nb carbides. 

At high crystallization rates, inherent to the scanning modes with a lower linear energy density, the melt zones 

are surrounded on one hand by the boundaries of growing dendrites, and on the other by carbides released in 

the melt. Then, when such zones solidify, thermal shrinkage occurs, which in turn leads to the appearance of 

crack nuclei. The cracks are formed after the increase in pores volume followed by pores coalesces under the 

influence of thermal stresses. 

It should however be noted that with higher linear energy density, resulting in decreased melt crystallization 

rate, less of these areas are formed. The process occurs more evenly throughout the entire volume due to the 

crystallization of the melt since the melt flowing into the necessary zones compensates for the shrinkage of 

the material, which contributes to the appearance of fewer shrinkage micropores. 

 

Figure 3 Results of EDX analysis of specimens produced by selective laser melting 

4. CONCLUSIONS 

This study shows the influence of various SLM process parameters on the densification and formation of cracks 

in Ni-based single crystal alloy.  It was found that the integrity of the specimens is directly related to the linear 

energy density. The higher the linear energy density the fewer defects are observed. The mechanism of cracks 

formation in nickel-based alloys was related to the thermal shrinkage during crystallization of the melt zones 

surrounded by dendrites on the sides, and by Ta, Mo and Nb carbides. This problem can be solved by reducing 

the crystallization rate of the entire melt, leading to a more homogeneous solidification, which can be achieved 

by increasing the linear energy density. Thus, the mechanism of crack formation in studied herein nickel-based 
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alloy is in the appearance at high crystallization rates of the melt zones inherent in scanning modes with a 

lower linear energy density, surrounded on the one hand by the boundaries of growing dendrites, on the other 

hand by carbides released in the melt. Thermal shrinkage occurs when such zones solidify, which in turn leads 

to the appearance of crack nuclei. However, less of these regions are formed with a decrease in the melt 

crystallization rate by using scanning modes that provide a higher linear energy density, since the melt 

crystallization occurs more evenly throughout the volume due to the low speed. 
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Abstract 

The subject of this article is the failed bushing used in the car suspension. The claim of the broken bushing 

came from the car producer. The main aim of this paper was to know if the failure was a green crack  

as evidenced by steam treatment oxide on the crack interfaces. To check, these items a Scanning Electron 

Microscope (SEM), hardness testers, and optical microscope were used. The density of the upper edge where 

the crack occurred was checked. Based on this investigation it was found that the crack was not caused by 

the rollover application. 

Keywords: Density, crack, sintering, compacting  

1. INTRODUCTION 

The concept of this paper is the failed part, made of FC0208-40 material [1]. The research is to check a green 

crack as evidenced by steam treatment oxide on the crack interfaces and the metallurgical integrity of the 

sample. 

Technologies that are characterized by the processes of shaping workpieces, in which the fluidity of materials 

with complex rheology is implemented under conditions of complex loading, need new developments, learning, 

and improvement [2]. 

The presence of and/or the potential for cracking in powder metallurgy components is an industry recognized 

quality concern. In an industry wide survey, the elimination or controlling of cracks was identified as the second 

most important research priority. The general improvement of the mechanical properties was identified as the 

number one issue. It should be noted, however, that the benefits of the material properties only slightly 

exceeded that of the cracking issue in importance to the industry respondents of the respondents. 

Cracks in Powder Material components primarily originate in consolidation or handling prior to the sintering 

process. Although a crack may not become evident until sintering has occurred, the root cause is most likely 

poor interparticle bonding prior to the sintering phase. The research has focused on cracks initiated prior to 

sintering [3] 

The main causes of cracks found in the study can be summarized into four basic categories: improper material 

composition, interparticle side shifting action, improper elastic strain release and high tensile / shear stresses 

[4]. 

Sintered ferrous components can, in principle, be heat-treated like conventional steel parts. Thus, ferrous 

sintered parts can be through-hardened, case-hardened, and precipitation-hardened, However, due to its 

porosity and, in some cases, its heterogeneous alloy composition, sintered ferrous material in certain respects, 

will respond somewhat differently to heat-treatment than conventional steels [5]. 
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Sintered steels are widely used for the manufacturing of automobile structural parts such as synchronizer 

gears, timing sprockets, transmission clutch plates and rollers, power steering pressure plates, etc. Porosity 

complicates machining of these steels by virtue of the non-availability of a smooth and continuous metal matrix 

for cutting. This leads the tool to experience non-continuous cutting, micro-vibrations, fatigue loading,  

and a chipping prone environment [6]. 

2. MATERIALS AND EXPERIMENTS 

The publication presents overall photographs including the uneven rollover, visual analysis, SEM fractography 

surface finish of the bushing, density metallography and, combined carbon content. The tested material is 

FC0208-40 with a surface finish. This material consists of iron, copper (1.5-3.9 wt%) and, carbon (0.6-0.9 wt%). 

A visual check was carried out using the SEM microscope, and hardness, and density measurements were 

made according to MPIF 42 [7].  

For density check: an analytical balance, a container with water, and a vacuum system were used. Method 

uses Archimedes principle - weight the specimen in air and in water. The Rockwell Superficial 3JS was used 

for checking hardness. The samples were prepared for metallurgical evaluation as follow: 2% Nital etching, 

epoxy resins mounting, grinding, and polishing. 

3. RESULTS 

Based on the results the following conclusions were made: The part appears to have been made with a low-

density area at the upper edge as illustrated by the analysis. The low-density area appears to have separated 

in the green state of the bushing to a depth of 250 µm - 700 µm from the outer diameter to the inner diameter. 

It is believed that the crack was opened further during the rollover operation, which would explain why there 

was evidence of a green crack that changed to cracking of sintered particles as the crack progressed to the 

inner diameter. 

A density requirement was not on the finished part blueprint, so it is not known if the overall part density was 

satisfactory. However, it may be advisable to place a sectional density requirement on the upper edge to 

prevent this type of failure in the future. 

3.1.  Visual Analysis 

The part was photographed as received to document its condition and the photographs are found below in 

(Figure 1) and in (Figure 2). Initial observations of the bushing/rollover assembly found a crack around the 

circumference of the upper edge approximately 50 mm long (Figure 1).  

  

Figure 1 Bushing assembly as received. Crack is 

visible just below upper edge of the bushing 

 

Figure 2 Overview of fracture face after removal of 

the upper edge. The fracture was found to change 

appearance toward the outside edge. The image 

above shows this change at the arrows 
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After the initial observations were made, the upper edge was removed from the part for examination in the 

Scanning Electron Microscope (SEM). Once removed, the area underneath the broken portion exhibited steam 

treatment across the fracture face, with a change in appearance toward the outer edges (Figure 2). 

Of note, the presence of steam treatment on the fracture face does not automatically indicate a green crack, 

as the steam treatment penetrates through the entire part via interconnected porosity. (Figure 3a) below, 

illustrates this as the bushing was split in half to show the darkened appearance to the fracture face vs. the 

appearance of the part due to abrasive saw cutting (silver) (Figure 3b). 

  

Figure 3a Laboratory created fracture Figure 3b Abrasive saw cut surface 

Notice the change in appearance based on the method of separation. 

Examination of the fracture in the SEM found a band of what appeared to be a green crack extending from the 

outer diameter of the bushing to between 250-700 µm deep in the area detailed (Figure 3a) and  

(Figure 3b).  

  

Figure 4 SEM image of the surface at the outer 

diameter of the fracture. Notice the lack of a 

fracture mode with an uninterrupted steam treat 

layer 

Figure 5 SEM image of the fracture face near the 

center of the fracture. Individual particles were 

found with dimple ruptures on the fracture faces 

(arrows). This indicates these particles and this 

area were fused together during sintering 
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The surface appears to be an uninterrupted steam treatment layer, with individual powder particles visible 

(Figure 4).  

For comparison, the fracture face immediately inboard was found to exhibit a completely different appearance 

(Figure 5). The presence of the material fracture was found on the powder metal particles in the form of a 

dimple rupture, indicating this area was fused during sintering. 

3.2. Hardness 

The bushing hardness was measured in two places. While hardness readings could be obtained, it should be 

noted that ASTM E18 [8] requires the hardness indentation to be as per the following:  

 The distance between the centers of two adjacent indentations 

shall be at least three times the diameter of the indentation.  

 The distance from the center of any indentation to the edge of 
the test piece shall be at least two and a half times the diameter 

of the indentation.  

In order to obtain hardness values on this sample, requirement #2 

had to be violated. As such, the numbers below should be viewed for 

informational purposes only. Material yielding was also noticed on the 

check valve portion of the bushing (Area A). This is presented in  

Figure 6 The hardness results are given in Table 1. 

Table 1 Hardness Readings FC0208-40 material 

Area  Hardness (HRBW) 

A 90.5 91.0 90.0 88.0 89.0 

B 96.0 95.5 96.5 96.0 96.0 

3.3.  Density  

The density of the bushing is stated below: Section A - 6.38 g/cm3 as steamed. Section B - 6.48 g/cm3 as 

steamed. 

3.4.  Metallography  

  

Figure 7 Unetched microstructure of the body of the 

bushing. Powder particles appear to have a 

satisfactory compaction and distribution 

 

Figure 8 Unetched microstructure of the upper 

edge of the bushing. Powder particles appear to be 

loosely packed, with small sinter necks between the 

particles. This area would most likely have a lower 

density than the full panel, which would make this  

a lower strength area 

Figure 6 Areas of hardness 
readings 
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A section from the part was removed directly behind the fractured area and prepared as per ASTM E3 for 

microstructural evaluation. A marked difference in density was found between the body, and the upper edge 

of the part (Figure 7). It appears that the fractured area may not have had a proper fill or compaction  

(Figure 8). 

For comparison, the etched structure of the upper edge reveals a much less dense particle network  

(Figure 9) and (Figure 10). 

  

Figure 9 Etched microstructure in the body of the 

bushing. Combined carbon by way of visual 

estimate was 0.6%. The part was specified to be 

FC0208-40 material and this level of carbon 

retention would be satisfactory 

Figure 10 Etched microstructure of the upper edge 

of the bushing showing a low-density particle 

network 

 

4. CONCLUSIONS 

The mechanical properties of fully dense metallic materials are defined by the structural state, and by the 

surface microgeometry. The design choices are made based on the knowledge of these parameters [9]. The 

SEM analysis, metallography check, hardness and density show the presumed rules. The equipment and 

methods were a key for the material structure investigation. 

In conclusion, the reason for the broken bushing was found. The improper handling of the details during inter-

operative transport caused mechanical damage to a single piece before the sintering operation. 

The factor conducive to mechanical damage is that the density on the upper part is not very high (but still 

according to tolerance). The defect is not visible at the production stage. 
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Abstract 

Hypo-eutectic silumins are used in a wide range of industrial applications, but their properties are continuously 

studied to improve the quality of cast products. The initial structure of AlSi9Mg alloy is composed of granular 

and acicular β phase, with α phase as matrix. The hard, irregular, often pointed β phase is responsible for the 

poor mechanical properties of said alloy. This composition is responsible for the alloy's low strength 

parameters, and it limits the extent of practical applications. The properties of alloys may not only depend on 

the chemical composition, modifiers, but may also depend on the conditions of the modification effect. 

Chemical elements and compounds, both added to the alloy and formed as a result of exothermic reactions, 

“pass” into the alloy, changing the course of its crystallization. Selection of the mixture components allows - to 

a degree - to decide about the starting moment of crystallization and change the range of alloy solidification or 

its individual phases. In the present study, the microstructure and technological properties of silumins were 

improved through modification with the use a chemical mixture as an exothermic modification. It was found 

that the exothermic modifier containing NaNO3 NaClO3 and TiO2 exerted the strongest multidirectional refining 

effect on the studied alloys.  

Keywords: Aluminum alloy, exothermic mixtures, modifications, tensile strength, elongation 

1. INTRODUCTION  

Modern industry requires high quality casting alloys. Foundry alloys are often improved to increase their 

performance. Experimental methods are not always used. Computer technology is often used to simulate 

expensive research. Non-inoculated alloy AlSi7Mg is characterized by coarse-grained structure, consisting of 

grains and acicular precipitates of phase β, contrasted with dendritic phase α. Such microstructure is 

responsible for its poor uses properties for example tensile strength, elongation, hardness. The mechanical 

properties of alloys are determined primarily by the structure of hard eutectic β phase whose needles and 

grains form natural notches which decrease both the strength and plasticity of silumins. Silumins eutectic are 

usually modified with Na, Sr and Sb or their compounds and other e.g. Ti, Ca, B and other elements [1]. There 

are other methods modified microstructure of Al-Si alloys as homogeneous modifiers produced by fast cooling 

[2], directional crystallization [3], technological processes [4].  

An interesting method of Al-Si treatment is exothermical method, mainly by treatment method known as 

Inmold. The degree of ‘assimilation’ of the components added is of primary importance while employing this 

method in alloy treatment. When the Inmold method is applied, individual alloy additions may undergo 

dissolution in the alloy treated (if their melting point is lower than or the same as the temperature of the alloy 

and the process lasts long enough), enrich its composition as solid particles (if their melting point is higher 

than the temperature of the alloy or the process does not last long enough), or do both (if the mixture consists 

of particles whose melting point is lower and higher than the temperature of the alloy). The effect intensity is 

connected with the velocity of flow (i.e. the velocity of casting and dimensions of the reaction chamber), as 

well as the chemical compounds from the mixture [5]. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

887 

Such methods for enhancement of silumins properties may be interested for many branches of industry i.a. 

corrosion problems [6,7], machine design [8,9], LNG control design [10,11], biotechnology [12,13] or waste 

management [14-16]. The observed interactions between controlled factors should be also taken into 

consideration in a methodology of future similar designed experiments [17,18], especially involving mixtures 

[19,20] or - focused on observed microstructure changes - image analyses [21-23] of modified surface layer 

[24-26]. The obtained dataset may also inspiring source for parametric [27,28] and non-parametric [29,30] 

uncertainty analysis. 

2. METALLOTHERMY PROCESS 

Metallothermy allows to obtain metals on the base of reactions proceeding between a given metal - reducing 

agent and some compounds, mainly oxygen ones. The procedure of metallothermy, which is part of ‘out-of-

furnace’ treatment, may be applied while producing ferrous and non-ferrous alloys. Enriching elements, both 

added to the alloy and formed as the result of exothermic reactions, ‘pass’ into the alloy, changing the course 

of its crystallization, microstructure and properties. According to professional literature [31, 32], the energy 

condition of a spontaneous course of reactions is assuming the minimum enthalpy gain by -300 kJ/mol of the 

reducer. If the thermal effect caused by the reaction course is too low, the missing amount of heat should be 

supplied. In the case of ‘out-of-furnace’ treatment, the missing amount of enthalpy may be supplied in the form 

of heat of liquid alloy. Reactions of metal oxides with Al as a redactor may be presented on the example of the 

following reaction (1), (2) and (3): 

6NaNO3 + 10Al → 5Al2O3 + 3Na2O + 3N2  and ∆H = -623.9 kJ/mol (1) 

NaClO3 +2Al → Al2O3 + NaCl and ∆H = -783 kJ/mol (2) 

3/4TiO2 + Al → 3/4Ti + 1/2Al2O3 and ∆H = -129.4 kJ/mol  (3) 

3. MATERIALS AND METHODS 

The aim of the research presented in this paper was to evaluate the influence of chemical compositions 

producing an exothermic effect on the mechanical properties (tensile strength and elongation) of AlSi7Mg alloy 

(Table 1). An improvement in the functional properties of alloys may be achieved by adding to silumin 

compounds containing elements which after reduction affect the process of crystallization and increase the 

strength of solution α - phase and eutectic (α+β).  

Founding, that studied proprieties are continuous functions considered variables and its can be with sufficient 

exactitude represented in figure of polynomial in investigations planning experiences was applied active, 

applying complete factorial experiment (23) for three independent variables: NaNO3, NaClO3, TiO2 (Table 2). 

The results were analyzed mathematically, which enabled to formulate the factor equation for three variables, 

for the studied parameters, at the level of significance α = 0.05.  The adequacy of the above mathematical 

equation was verified using the Fischer criterion. 

�� � �� � ���� � �	�	 � �
�
 � ��	���	 � ��
���
 � �	
�	�
 � ��	
���	�
 (4) 

The real chemical composition of the tested AlSi7Mg alloy is presented in Table 1. 

The alloy was obtained from industrial piglets. The alloy was melted in an Al2O3 crucible in an electric furnace, 

and the modification process was carried out. Chemical additions were introduced to the crucible. The alloy 

was modified at a temperature of 850 °C for 8 minutes. Cylindrical samples, 8 mm in diameter and 75 mm in 

length, were poured into a mold made of molding sand. Upon the completion of each modification stage, 

specimens were collected for mechanical tests. Samples for mechanical tests were obtained from the upper 

part of the casting. A elongation test was performed according to the standard ISO 6892-1:2016 metallic 

materials - tensile testing - part 1: method of test at room temperature, using a universal strength testing 

machine (W.P.M. Germany), determining tensile strength Rm and elongation A.  
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Table 1 Real mean chemical composition of the AlSi7Mg alloy (wt%) 

Si Cu Mg Mn S Cr Fe Ti Zr 

7.2 0.05 0.32 0.36 0.02 0.01 0.15 0.02 0.05 

Table 2 Component of mixture 

Variable Primary level  
(wt %) 

Range of changes 
(wt%) 

Higher level  
(wt%) 

Lower level  
(wt%) 

NaNO3 0.5 0.2 0.7 0.3 

NaClO3 0.5 0.2 0.7 0.3 

TiO2 0.5 0.2 0.7 0.3 

4. RESULTS AND DISCUSSION 

The tensile strength (Rm) of the AlSi7Mg alloy after chemical treatment is presented in Figures 1-6 and 

percentage elongation (A) is shown in Figures 7-12. The tensile strength of AlSi7Mg alloy after modification 

with modifier contents with: 0.3 % NaClO3 + 0.3 % TiO2 and 0.3 % NaNO3 was 138 MPa (Figure 2) and 

elongation A = 2.8 % (Figure 10). An increase in the quantity of NaNO3 to 0.7 % Rm increased to 161 MPa 

(Figure 1) and A = 3.6 % (Figure 7). Next with the identical increase in the share of NaClO3 and TiO2, Rm 

grew to 183 MPa (Figure 1) and elongation to 6.4 % (Figure 6). It was the highest tensile strength and 

elongation for analyzed components. 

  

Figure 1 Tensile strength of AlSi7Mg alloy with: 

NaClO3  <0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt%, 

for 0.7 wt% NaNO3 

Figure 2 Tensile strength of AlSi7Mg alloy with: 

NaClO3  <0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt%, 

for 0.3 wt% NaNO3 

  

Figure 3 Tensile strength of AlSi7Mg alloy with: 

NaNO3  <0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt%, 

and 0.7 wt% NaClO3 

Figure 4 Tensile strength of AlSi7Mg alloy with: 

NaNO3  <0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt%, 

and 0.3 wt% NaClO3 
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Figure 5 Tensile strength of AlSi7Mg alloy with: 

NaNO3  <0.3, 0.7> wt%, NaClO3  <0.3, 0.7> wt% 

and 0.7 wt% TiO2 

Figure 6 Tensile strength of AlSi7Mg alloy with: 

NaNO3  <0.3, 0.7> wt%,NaClO3  <0.3, 0.7> wt% 

and 0.3 wt% TiO2 

  

Figure 7 Elongation of AlSi7Mg alloy with: NaClO3  

<0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt% 

for 0.7 wt% NaNO3 

Figure 8 Elongation of AlSi7Mg alloy with: NaClO3 

 <0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt% 

for 0.3 wt% NaNO3 

  

Figure 9 Elongation of AlSi7Mg alloy with: NaNO3  

<0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt% 

and 0.7 wt% NaClO3 

Figure 10 Elongation of AlSi7Mg alloy with: NaNO3  

<0.3, 0.7> wt%, TiO2  <0.3, 0.7> wt% 

and 0.3 wt% NaClO3 

  

Figure 11 Elongation of AlSi7Mg alloy with: NaNO3  

<0.3, 0.7> wt%,NaClO3  <0.3, 0.7> wt% 

and 0.7 wt% TiO2 

Figure 12 Elongation of AlSi7Mg alloy with: NaNO3  

<0.3, 0.7> wt%,NaClO3  <0.3, 0.7> wt% 

and 0.3 wt% TiO2 
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With the participation of 0.7 wt% NaNO3 for changes in Rm and 0.3% for changes in A, NaClO3 and TiO2 are 

similar (Figure 1 and Figure 8). A large gradient of contour lines indicates intensive changes in the analyzed 

parameters. For 0.7 wt% NaClO3, the TiO2 component interacts more intensively on Rm than NaNO3  

(Figure 3), similarly with 0.3 wt% NaClO3, but in this system the influence of the remaining components of the 

mixture is more intense, although the Rm obtained is lower (Figure 4). Generally, the influence of NaNO3 on 

the analyzed mechanical properties is more intensive than NaClO3, regardless of the share of TiO2  

(Figures 5, 6, 11, 12). The intensity of the TiO2 interaction depends on the proportion of the other two 

components in the mixture. It is generally higher with the participation of at least one of them at a higher level 

(0.7 %) (Figures 1-4 and 7-10). 

5. CONCLUSION 

Based on the results of the research, it was found that: 

 the interaction of individual components of the mixture depends on the share of the other two (it is 

correlated), 

 the interaction intensity can be ordered into NaNO3, NaClO3 and TiO2, 

 ingredients based on Na independently affect the strength parameters of the alloy, while the ability of 
TiO2 to cause changes is strongly influenced by components containing sodium, 

 the mechanical parameters were higher after treatment the alloy with a higher energy mixture (equations 

2-4). 
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Abstract  

The paper deals with the possibility of obtaining zinc and iron from waste sludge and filter cakes, which are 

formed during galvanic plating. It contains a theoretical analysis of hydrometallurgical processes. The practical 

part describes the samples and their leaching in acids under different conditions. At the end of the work, the 

highest yield of zinc and iron in the leaching product in the leaching substance is evaluated. 

Keywords: Zinc and iron, galvanic sludge, hydrometallurgical processes, leaching 

1. INTRODUCTION 

The sources for the production of metals include ore raw materials. These must be processed by means of 

treatment processes into the form of a concentrate, which serves as an input raw material for the production 

of a specific metal. There are several ways to produce metals, e.g. using pyrometallurgical, hydrometallurgical 

or electrometallurgical processes. The production itself is followed by refining processes. 

The basic processes of metal production include hydrometallurgical processes. These are based on the 

leaching of pretreated enriched ore, which is most often sulphate roasted, to obtain sulphates which are readily 

soluble in suitable leaching agents. The product is two phases, leaching substance - a solid residue and a 

leach, which contains the metal of interest. We then obtain the metal from the leach using a number of 

processes. With a relatively rich input raw material, the amount of metals still appears in the leaching 

substance, which can be further leached using leaching agents; we obtain a leach again and depleted waste 

leaching substance. The previously described procedures are applied to recover from metals from the leach. 

The aim of the work is to obtain zinc and iron from leaching of galvanic sludges. A partial goal is a theoretical 

analysis of hydrometallurgical processes. The aim of the practical part is to modify the sample, followed by 

leaching of sewage sludge in acids. At the end of the work, it is evaluated which conditions enable to achieve 

the highest yield of zinc and iron after leaching of galvanic sludges [1-8]. 

2. ESSENTIAL CHARACTERISTICS OF GALVANIC SLUDGES AND LEACHING PROCESS 

Metal recovery from ores by hydrometallurgical processes are under way at relatively low temperatures up to 

approximately 200 °C. If the process takes place up to temperatures of 100 °C and a total pressure of 0.1 

MPa, we speak of leaching under standard conditions. However, if the process takes place at elevated 

temperatures, it automatically requires an increase in total pressure. Then the process is located in a pressure 

reactor - autoclave, and it is the case of pressure leaching. 

Galvanic sludges, which contain more significant amounts of heavy metals, form wastes that are suitable for 

recycling. These arise during the treatment of wastewater from the operation of the electroplating plant. It is a 

mixture of metal hydroxides, mainly iron, zinc, chromium, and others. The sludge is sedimented in the reaction 

wells and, after sedimentation, is pumped into the sludge sump. From there, they are drained in a sludge press 

by a sludge pump. Subsequently, dewatered sludge is formed, which is accumulated in containers. 
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Hydrometallurgical methods are used for sludge treatment. Acidic or basic leaching is used to convert the 

metals of interest into the leachate. Most waste matter does not dissolve in the given environment or change 

to a form of a compound that is difficult to dissolve. The leach is then processed by selective methods in order 

to separate the individual metals [9-15]. 

Leaching is the selective recovery of one or more components from a solid concentrate (ore) into a liquid leach. 

From a physico-chemical point of view, it is a heterogeneous process involving at least two phases: solid (s) 

and liquid (l) [16]. An important factor influencing the course of leaching is the ratio of liquid to the solid phase, 

referred to as sludge K:P, i.e. the ratio of the leaching solution to ore. In order to obtain the highest possible 

concentration of metal in the leachate, the K:P ratio should be as small as possible. With increasing 

concentration, the leaching deteriorates, so in each case, the highest leachate concentration must be [17].  

3.  EXPERIMENTAL 

The aim of the experimental part was to obtain zinc and iron after leaching of galvanic sludges. Leaching was 

performed in sulfuric, hydrochloric and nitric acids at different temperatures and time intervals. 

The main part of the experimental work was to determine the most suitable conditions for achieving the 

maximum yield of zinc and iron. 

The samples were analyzed for zinc and iron content in the laboratories of the Faculty of Materials Science 

and Technology.  

The input chemical analysis of the sample is in Table 1. 

Table 1 The amount of metals of interest in galvanic sludges measured by ED-XRF 

Galvanic sludges 

Element 
Measurement (wt%) 

Average 
1 2 3 

Zn 15.93 15.95 15.84 15.91 

Fe 12.30 12.31 12.30 12.30 

Waste sludge samples were pretreated by drying under normal conditions and size homogenization by hand 

grinding (Figure 1). 

 

Figure 1 Preparation of samples for leaching 
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Three acids were selected for the leaching method: sulfuric, nitric and hydrochloric. This selection was made 
according to the analysis of literature sources that deal with the leaching of waste materials. Leaching solutions 
were prepared from concentrated acids by dilution to a 2M solution. 

The leaching took place in 2 M acids without the addition of an oxidizing agent, with the addition of H2O2 and 
with the addition of ozone, at temperatures of 40 and 60 °C for 6 hours.  

Leaching procedure 

The beakers with the prepared samples (200 ml of 2M acids together with 50 g of the weighted sample, ratio 
1:4) were placed on electromagnetic stirrers. The required temperatures (40 °C and 60 °C) were set individually 
on each electromagnetic stirrer. After a set time (6 h), the leaching process was completed, and the leaching 
substance and the leach were separated by filtration. 

Table 2 The final zinc and iron content of the leaching substance 

 addition acids Zn (wt%) Fe(wt%) 

1 - 25 °C - 6 h - H2O 16.44 11.97 

2 - 40 °C - 2 h - H2SO4 1.93 1.29 

3 - 40 °C - 4 h H2O2 H2SO4 1.89 0.77 

4 - 40 °C - 6 h O3 H2SO4 3.33 2.39 

5 - 60 °C - 2 h - H2SO4 1.18 0.73 

6 - 60 °C - 4 h H2O2 H2SO4 1.54 0.68 

7 - 60 °C - 6 h O3 H2SO4 1.27 0.92 

8 - 40 °C - 2 h - HNO3 3.92 3.76 

9 - 40 °C - 4 h H2O2 HNO3 3.19 4.75 

10 - 40 °C - 6 h O3 HNO3 4.63 4.70 

11 - 60 °C - 2 h - HNO3 5.64 12.53 

12 - 60 °C - 4 h H2O2 HNO3 6.62 9.69 

13 - 60 °C - 6 h O3 HNO3 6.03 12.07 

14 - 40 °C - 2 h - HCl 6.06 12.56 

15 - 40 °C - 4 h H2O2 HCl 5.60 13.48 

16 - 40 °C - 6 h O3 HCl 6.17 12.65 

17 - 60 °C - 2 h - HCl 5.12 12.50 

18 - 60 °C - 4 h H2O2 HCl 5.15 12.54 

19 - 60 °C - 6 h O3 HCl 4.16 10.88 

The samples obtained after leaching (leaching substance, leach) were chemically analyzed for the zinc and 

iron content. (Tables 2 and 3).  

Table 3 The resulting content of zinc and iron in the leach 

 addition acids Zn (g/l) Fe(g/l) 

1- 25 °C - 6 h - H2O 0.044 0.011 

2 - 40 °C - 2 h - H2SO4 21.6 12.9 

3 - 40 °C - 4 h H2O2 H2SO4 25.0 14.6 

4 - 40 °C - 6 h O3 H2SO4 31.5 18.5 
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Table 3 (continue) 

 addition acids Zn (g/l) Fe(g/l) 

5 - 60 °C- 2 h - H2SO4 18.6 9.89 

6 - 60 °C - 4 h H2O2 H2SO4 23.5 12.8 

7 - 60 °C - 6 h O3 H2SO4 31.8 18.3 

8 - 40 °C- 2 h - HNO3 22.9 12.3 

9 - 40 °C -4 h H2O2 HNO3 25.4 14.1 

10 - 40 °C - 6 h O3 HNO3 26.1 14.3 

11 - 60 °C - 2 h - HNO3 36.8 4.22 

12 - 60 °C - 4 h H2O2 HNO3 37.7 0.54 

13 - 60 °C - 6 h O3 HNO3 32.4 0.39 

14 - 40 °C - 2 h - HCl 31.3 0.13 

15 - 40 °C - 4 h H2O2 HCl 27.3 0.01 

16 - 40 °C - 6 h O3 HCl 36.2 0.05 

17 - 60 °C - 2 h - HCl 30.4 0.07 

18 - 60 °C - 4 h H2O2 HCl 26.1 0.01 

19 - 60 °C - 6 h O3 HCl 31.6 0.01 

4.  CONCLUSION 

The aim of this work was to obtain zinc and iron from the leaching of galvanic sludge. The waste sludge sample 

was treated and leached in a solution of sulfuric, nitric and hydrochloric acids in several stages. In four stages, 

the amount of zinc increased evenly with temperature. This amount was recorded in g/l. The iron also grew 

steadily with temperature in these stages, but at 60 °C, there were sudden weight fluctuations, both at 2 and 

6 hours of leaching. Only when leached in water for 6 hours and at a temperature of 40 °C, there was almost 

no increase in the amount of zinc or iron. 

From the overall summary, it was clear that the smaller the K:P ratio, the higher the metal recovery. In this 

case, it was 1:4, i.e. 50 g of sample and 200 ml of 2M acids. The use of an autoclave could be most suitable 

for leaching due to the shorter leaching time and the highest possible metal recovery.  
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Abstract 

Elastic properties of wound rolls are used as an input for simulations of stress-strain state in the roll after 

winding in order to optimize quality of foils. The effective elastic modulus in direction perpendicular to the layers 

of foil is challenging to measure because it is dependent on interlayer pressure and is generally much smaller 

than the bulk elastic modulus of the material. Normally, stacks of many layers of foil are pressed in order to 

determine the interlayer-pressure dependence on effective elastic modulus. In this study, a similar test was 

carried out using multiple methods including standard compress tests with strains evaluated by using video 

extensometer as well as digital image correlation of the stack surface and instrumented indentation method. 

The results given by all methods were compared. Moreover, multiple stack thicknesses were tested in order 

to evaluate the influence of stack size on the effective modulus. The tested foil was made from aluminum alloy 

AA8079 and was 13 µm thick. 

Keywords: Wound rolls, aluminum, mechanical properties, compression test, instrumented indentation 

1. INTRODUCTION 

Aluminum foils are commonly used in packaging and automotive industries and are valued for their unique 

physical properties, food safety and affordable costs. Very thin foils are often desirable for their unique 

properties as well as lower costs due to less raw material. It is challenging to produce very thin aluminum foils 

in high quality. One of the challenges is to keep the thin foil sufficiently flat. During the technological process 

of casting and subsequent rolling uneven foil profile can be produced (convex or concave profile). During 

subsequent winding of the foil the parts of the profile that are thicker stretched more in order to keep overall 

shape of the coil cylindrical and stable. Uneven plastic and elastic strains in the foil plane can be formed in the 

technological process. Elastic strains can be then transformed into plastic strains during heat treatment.  

Numerical modelling of winding and heat treatment of the coil is used to simulate formation of strains in the 

wound-in foil. Results of the numerical modelling are used for minimising defects and increasing flatness of 

final foil. In order to properly characterise material properties of wound-in foil it is necessary to consider material 

in the coil as elastic transversely isotropic with effective elastic modulus in direction perpendicular to the foil 

plane and bulk elastic modulus in other directions. The effective elastic modulus is pressure sensitive and 

encompasses the stiffness of sandwich structure composed of aluminum, air, rolling oil layers and the effect 

of mutual contact of surface asperities. The effective modulus decreases with decreasing foil thickness. 

A compression test of stack of foils is commonly used in order to determine the effective modulus dependence 

on interlayer pressure for measured foil [1,2]. Normally, stacks with at least 200 foil layers are used to carry 

out the compression test [3]. The layers of foils are cut from already wound coil and piled up to form a stack of 

sufficient thickness. During the test a stack is pressed between two flat hard plates and the distance between 

the plates as well as the pressing force is measured. The main problem of this method in case of thin aluminum 
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foils is that layers of already curved foil in the coil are flattened as the example stacks are produced and the 

already locked-in asperities from adjacent foils are broken and the compliance of the material in this direction 

is altered. 

In this paper a measurement of effective elastic modulus using a standard compression test with more than 
50 mm tall stack of foils is compared to modified measurements with the deformation of the foils in the stack 
measured by digital image correlation (DIC) using multiple thinner stacks. Moreover, the effective modulus 
was also measured using indentation method as this method allows using small stacks of foils. The aim of this 
study is to show the influence of the sample stack thickness on the effective modulus of wound-in foil and to 
compare different methods for determining the effective modulus of wound-in foil. 

2. MATERIAL PROPERTIES 

The foil used in this study was made in AL INVEST Bridlicna, a.s. by continuous casting and was rolled until 
final thickness 13 µm was reached. The material of the foil was AA8079 aluminum alloy (AlFe1Si type) with 
bulk Young modulus 52 800 MPa, Poisson ratio 0.34 and yield stress 160.1 MPa. The foil manufacturer 

provided stacks of foils with approx. cubic shape 54.2  50.2  50.7 mm.  

3. EXPERIMENTAL SETUP 

3.1. Compression method 

The measurements of effective modulus were carried out using a static testing machine. One compression 

test was performed using a large stack with thickness 54.2 mm. Compound strains of the whole stack were 

measured by video extensometer. The stack was loaded with constant speed 1 mm/min until the maximum 

force 20 kN was reached. 

 a)  b) 

 c) 

 

Figure 1 Images from the FLIR camera for thicknesses of stack of foils of  

a) 0.87 mm, b) 1.48 mm, c) 5.72 mm 

stack of foils 

aluminum plate 

1mm 
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Subsequently, stacks of foils with overall thickness 0.87, 1.48 and 5.72 mm were tested in order to evaluate 

how the effective modulus is influenced by stack thickness. Each stack was placed in between two 11 mm tick 

plates with metallographically smoothed surface made from aluminum alloy to provide good support and 

inserted into the testing machine. Each stack was then loaded with constant speed of 0.1 mm/min until 

maximum force 10 kN, which corresponded to approx. 4 MPa pressure, was reached. The unloading was 

carried out with the same speed. The surface of the stack was recorded using digital camera FLIR Black Fly 

with inline telemetric lens during the whole test. The record was used to evaluate pressure strains using digital 

image correlation method (DIC). Images from the camera are shown in Figure 1. The thickness of each stack 

analysed with DIC was smaller than the overall stack thickness. Values of analysed thicknesses for all stacks 

of foil are summarized in Table 1. 

Table 1 Overall stack thicknesses and thicknesses analysed by DIC 

Thickness of stack (mm) 0.87 1.48 5.72 

Analysed thickness (mm) 0.65 1.00 2.2 

3.2. Instrumented indentation method 

The effective modulus was also measured using instrumented indentation method on the CSM CPX NHT 

machine. A stack of foils was placed on 11 mm thick aluminum plate and indented using a sphere indenter 

with radius 100 µm. Continuous multi-cycle (CMC) indentation with ten steps and maximum force 10 N was 

used (see Figure 2 for illustration). New stacks with thickness 1.48, 2.48 and 5.72 mm were prepared and 

measured to evaluate possible stack thickness dependence, three indents were made per stack to evaluate 

measurement variance. The effective modulus was evaluated from the unloading phase for each step in CMC 

process using Oliver-Phar method [4,5]. The corresponding stress was calculated according to Tabor’s formula 

�� � 
�, where �� is representative stress, � is hardness of the material and C is a constraint factor [6]. The 

recommended value by [6] of constraint factor C = 3 was used in this study. 

 

Figure 2 F-h curve ofCMC indentation of stack of foils with thickness 2.48 mm 

4. RESULTS AND DISCUSSION 

The stress-strain record obtained from the compression test was transformed into effective modulus (Er)-

interlayer pressure relationship. The observed data showed hysteresis behaviour, so the effective modulus 

evaluation was split into loading and unloading phase. The results are shown in Figure 3, resp. 4 for loading, 

resp. unloading phase of the compression test. The thickness of the stack has influence on the effective 

modulus in both loading and dun loading phase of the test. The stacks with thickness 1.48 and 5.72 mm have 

linearly rising trend in the whole range of measured pressures, whereas the effective modulus measured in 
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the thinnest stack flattens out at stress approx. 2.5 MPa. Both thicker stacks are approx. 2.5 more compliant 

than the thinnest stack in the loading phase. All the stacks behave stiffer in the unloading phase because of 

already compacted layer interfaces after the loading phase. The thinnest stack is 4-8 stiffer than the thickest 

one in the unloading phase.  

  

Figure 3 A relationship between effective modulus 

and compressive stress for loading phase of the 

compression test with tested stack thicknesses 

0.87, 1.48 and 5.72 mm 

Figure 4 A relationship between effective modulus 

and compressive stress for unloading phase of the 

compression test with tested stack thicknesses 0.87, 

1.48 and 5.72 mm 

The inconsistency of results between the loading and unloading phase is caused by deformation of foil surface 

asperities, the sample stack becomes therefore more compact and the material response in the unloading 

phase is less influenced by interlayer interfaces. An illustration of stack surface before the experiment was 

carried out with gaps between individual layers of foil can be seen in Figure 5. Larger gaps with thickness of 

approx. one foil layer were also occasionally observed. They contribute to measured higher compliance of 

thicker stacks. 

 

Figure 5 A surface of the stack of foils with visible gaps between individual layers 

The results of indentation measurements are shown in Figure 6. It can be seen that the thinnest tested stack 

of foils with thickness 1.48 mm is the stiffest and the thickest one with thickness 5.72 mm is the most compliant, 

which is in line with results of compression tests. The difference between 2.48 and 5.72 mm is small. The 

variance of results between individual indents within the same stack is negligible.  

100 µm 
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Figure 6 A relationship between effective modulus and compressive stress of the indentation test with tested 

stack thicknesses 1.48, 2.48 and 5.72 mm 

The results from both compressive stress with DIC and the indentation test were compared with a standard 

compression test with video extensometer (see Figure 7). It can be seen that both the loading phase of 

compression test with DIC and the indentation test correspond to the compression test with video 

extensometer. The effective modulus given by the unloading phase of the compression test with DIC is approx. 

4-6x higher compared to other results. The results of loading phase of compression test with DIC, instrumented 

indentation and compression test with video extensometer are similar. 

 

Figure 7 A comparison of measurements of effective modulus using compression test with DIC  

and video extensometer and indentation method with stack size 5.72 mm was used for DIC and indentation 

method 

5. CONCLUSION 

Compression tests of stacks of foils with strains measured by digital image correlation (DIC) and video 

extensometer as well as indentation tests were performed in this study in order to determine effective modulus 
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of the material. Multiple stack thicknesses were used in order to assess the influence of stack thickness on the 

effective modulus. The following conclusions can be drawn as a result of the research: 

1) The effective modulus is 4 to 6 times higher in the whole range of measured compressive stresses in 

the unloading phase compared to the loading phase of the compression test with DIC; 

2) The effective modulus is higher for thinner stack sizes in both loading and unloading phase of the 

compression test with DIC as well as in instrumented indentation test; 

3) The indentation method gives similar results to both loading phase of the compression test with DIC and 

video extensometer. The indentation method must be further investigated whether it is a suitable method 

of evaluating effective modulus and different indenter sizes and foil thicknesses should be tested; 

4) Numerical simulations of stresses in wound in foil should be done using effective modulus of both 

loading and unloading phase of compression testes serving as boundary values.  
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Abstract 

In this article, the intensity of mold metal reactions between ceramic shell and magnesium alloy AZ91E is 

studied. The two possible protective gasses used for melt protection are studied - SF6 (sulphur hexafluoride) 

and 3M NOVEC 612. The scanning electron microscopy (SEM) with X-ray spectroscopy (EDS) were used for 

the analyses of the mold-metal reaction products on the interface between the magnesium alloy and the 

ceramic shell. Penetration of AZ91E into the ceramic shell was observed, thickness of mold-metal reaction 

products layer ranged from 0 µm to 80 µm. The intensity of mold metal reaction is much higher on the outer 

surface than on the inner surface of the casting. The thicker layer of the fine zircon particles as the first layer 

of ceramic shell seems to lower the mold metal reactions intensity to minimum. While using SF6, the 

penetration of AZ91E into ceramic shell was observed, the corroded layer consists of Al-enriched phase with 

higher content of oxygen. The use of 3M NOVEC 612 as the protective gas led to formation of continuous MgO 

layer between the ceramic shell and the magnesium alloy, thickness of this layer was up to 60 µm depending 

on the ceramic shell composition in the close surrounding area.  

Keywords: Magnesium alloy AZ91, casting, mold-metal reactions, sulphur hexafluoride, 3M Novec 612 

1. INTRODUCTION 

In the recent years, the continuous pressure for the reduction of the green house gasses emissions in all 

means of transportation makes designers of transport vehicles to use higher portion of light weight materials. 

Many parts, commonly manufactured from steel, are being replaced by plastic, composites or light weight 

metal alloys, such as aluminum or magnesium alloys. Although the aluminum alloys are much widely used 

than magnesium alloys because of their lower cost, excellent corrosion resistance and easier processing, 

magnesium alloys are still increasingly used, because of their better combination of good mechanical 

properties along with lower weight in comparison with aluminum alloys [1]. Nowadays, the disadvantages of 

magnesium alloys have been lowered or even eliminated as the result of the development of new and high-

performance magnesium alloys. The development of new processing techniques, which can significantly 

decrease manufacturing problems connected with its high reactivity with oxygen, caused the rapid increase of 

magnesium alloys used in automotive industry. This increase is however connected mostly with the use of die 

casting technology, which is suitable for the large scale production; while the application potential of 

magnesium alloys in the small series cast production areas, where die casting is too expensive, is still limited 

because of the problem of its high reactivity with oxygen and high shrinkage causing many kinds of casting 

defects.  

The investment casting of magnesium alloys was for many years depended on using of Sulphur hexafluoride 

SF6 as a melt protective gas during casting. In 2019 European regulation no. 517/2014 has entered into force 
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in Czech Republic, and the further use of SF6 in magnesium casting industry is prohibited [2]. There are only 

few alternatives to SF6 available on the market, which could be used as an alternative. One of the possible 

alternative is available in the market under trademark NOVEC 612 produced by 3M company. It is a fluorinated 

ketone dodecafluoro-2-methyl-3-pentanone (CF3CF2C(O)CF(CF3)2, which is colourless liquid with boiling point 

around 50 °C. As like SF6, it forms thin protective layer of MgF2 on the surface of magnesium melt, creating a 

barrier between magnesium and surrounding oxygen [3]. There is a lack of published experimental work 

investigating the efficiency of melt protection during solidifying using NOVEC 612, especially in comparison 

with SF6. The main aim of this article is to provide these information. 

2. EXPERIMENTAL SETUP 

The mold-metal reactions were studied on magnesium alloy AZ91E alloyed with aluminum and zinc protected 

by SF6 and NOVEC 612. The mold-metal reactions intensity was evaluated as a thickness of corroded layer 

between ceramic shell and magnesium casting. The ceramic shell had the same composition for all samples. 

As the first coat, fine zircon particles were used followed by coarse alumino-silicate back-up coats. Colloidal 

silica was used as a binder. Composition of ceramic shell is shown in Figure 1.  

The protective gas was applied just before casting of liquid metal into ceramic shell preheated to 440 °C, 

temperature of metal was 730 °C. Bottom filling technique was used.  

 

Figure 1 Ceramic shell composition close to magnesium alloy 

The casted samples were cut and molded into resin to prepare metallographic samples. During preparation, 

standard grinding and polishing techniques were used using diamond suspensions with diamond size ranging 

from 9 µm to 0.25 µm. As the final step, samples were etched using acetic-picric etchant. 

Light microscopy (DSX510, OLYMPUS) and electron microscopy (LYRA3, TESCAN) were used to study the 

microstructure of all samples. EDS analyses were used for chemical analyses and phase identification. 

3. EXPERIMENTAL RESULTS 

3.1. Mold metal reactions under protection of SF6 

Sulphur hexafluoride was used as a melt protective gas and was applied to the ceramic shell before pouring 

of liquid metal. There were observed some changes in the microstructure close to the surface of AZ91E alloy, 

but continuous oxide layer was not found on any sample. On the inner side of semicircular casting, where the 

AZ91E 

Alumino-silicate 
ceramic 

Fine zircon 
first coat 
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oxygen penetration from ambient atmosphere was difficult, there were observed no traces of the mold metal 

reactions in corners, where the thicker layer of fine zircon particles was present (see Figure 2). On the walls 

from the inner side, some changes in the microstructure were observed (Figure 3), EDS analysis showed the 

enrichment of the surface layer with aluminum (Figure 4). These changes appeared together with the 

penetration of magnesium alloy into the ceramic shell as can be seen in Figure 3.  

  

Figure 2 Mold metal reactions in the inner corner  Figure 3 Mold metal reactions in the inner corner 

on the inner wall 

  

Figure 4 Detail of microstructure in the reacted area 

close to the surface (bright phase- Al enriched, dark 

phase- AZ91E nominal chemical composition). 

Figure 5 Interface between ceramic shell and 

magnesium alloy on the outer surface 

The mold-metal reaction intensity on the outer surface of the same casting was much higher (Figure 5). In this 

case, the reaction products form continuous layer between magnesium alloy and ceramic shell, which was 

separated from magnesium alloy. The magnesium penetration into ceramic shell was much more extensive in 

comparison with the inner surface. EDS shows enrichment of aluminum as it was on the inner wall, but also in 

the addition the high enrichment with oxygen (Figure 6). 

Al-enriched 
phase 

AZ91E 

Zircon particles 
+ Mg 

Al,O enriched 
layer 

AZ91E 
AZ91E 

Zircon 
particles 

Zircon particles 
+ Mg 

Al-enriched 
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Figure 6 EDS results showing penetration of magnesium into ceramic shell and the enrichment of reacted 

layer with aluminum and oxygen 

3.2. Mold metal reactions under protection of NOVEC 612 

  

Figure 7 Oxide layer in the corner Figure 8 Oxide layer on the wall 

When Sulphur hexafluoride was replaced by Novec 612 (both applied directly to the mold just before casting 
of liquid metal), the appearance of mold-metal reactions changed. On the interface between AZ91E and 
ceramic shell, the continuous layer of MgO was formed as can be seen in Figure 7 and Figure 8. Thickness 
of this oxide layer ranges from 10 µm to more than 60 µm in the most reacted areas. The formation of 
continuous oxide layer can appear alone or in combination with microstructure changes connected with the 
magnesium penetration into the ceramic shell and the enrichment of the surface layer with aluminum 
(Figure 9) as described when SF6 was used. In this case, thickness of MgO layer ranges from 5 µm to 20 µm, 
total thickness of reacted layer is not higher than 80 µm. 

    

Figure 9 Oxide layer along with aluminium and oxygen enriched layer and the magnesium penetration into 

the ceramic shell 

AZ91E AZ91E 

Ceramic shell Ceramic shell 

MgO 

MgO 
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4. CONCLUSIONS AND DISCUSSION 

The mold-metal reaction intensity was found to be smaller with the use of SF6 as a protective gas, whereas 

with the use of NOVEC 612, the reaction intensity was higher. When SF6 was used, the penetration of 

magnesium into the ceramic shell was observed together with the changes in microstructure close to the 

interface with the ceramic shell. The aluminum enrichment was found in this layer as a probably direct 

consequence of the liquid magnesium penetration into the shell. The use of NOVEC 612 led to the formation 

of the continuous oxide layer on the interface with the thickness up to 60 µm. The reaction intensity was also 

strongly depended on the relative position to the surface. There was an important influence of oxygen 

penetration through the ceramic shell and due to it, there were found no traces of mold-metal reactions in the 

corner on the inner side of the casting. A thick layer of the reaction products separated from magnesium alloy 

was formed on the outer side of the same casting. This observation was in the agreement with the results from 

Cingi [4], who found that there was a strong influence of penetrating oxygen on the mold-metal reaction 

kinetics. The problem of magnesium penetration into the ceramic shell was also described by Piwonka [5], 

who concluded that it was caused by the use of fine powder of refractories for the first coat, lowering the 

permeability of the ceramic shell. However, in this work, it could be seen that thicker zircon layer decreased 

the mold metal reactions intensity nearly to zero.  
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Abstract  

The effect of high-energy ball milling a mixture of Fe and h-BN with weight ratio of Fe:BN = 15, 4, 1, 0.36 on 

the phase composition and magnetic properties of the synthesized material has been investigated. High-

energy ball milling demonstrated a significant change in the phase content, structure, and magnetic 

characteristics upon MA and followed annealing at 600 0C, in particular upon annealing, and the coercivity of 

the MA powder reached HC = 43 kA/m (540 Oe).  

Keywords: Mechanical alloying, mixture of Fe and BN, iron nitrides, saturation magnetization, coercivity  

1. INTRODUCTION 

Permanent magnets play a crucial role in new areas of science and technical. Currently, the most widely used 

permanent magnets are Nd2Fe14B and SmCo5, both containing rare-earth (RE) elements. The RE crisis has 

stimulated researchers to investigate new magnetic alloys with moderate properties between hard ferrites and 

RE permanent magnets. Among the RE-free hard magnetic materials, the metastable tetragonal α”-Fe16N2 

phase of iron nitrides has attracted considerable attention due to the low cost of Fe and high magnetization of 

α”-Fe16N2. The usual approach to form nitrides is gas-phase interstitial modification [1]. In the past years, the 

efforts to synthesize bulk samples of the Fe-N phases have been made [2-5]. However, the synthesis of Fe-N 

alloys by gas-solid reaction is usually difficult to be performed. Therefore, it is of interest in using a kind of solid 

N source in producing of new Fe-N phases. It is suggested the BN powder to be as a candidate for new-phase 

production [6-8]. One of approaches to obtain iron nitrides is the solid-state reactions by mechanical activation 

milling (mechanical alloying, MA) a mixture of Fe and h-BN [9-13] or Fe and NH4NO3 [14-17]. 

The aim of this work thus was to investigate the phase composition, structure and magnetic properties of 

materials prepared via mechanical alloying of a mixture of Fe and h-BN powders with a weight ratio Fe:BN 

from 15 to 0.36 after their extraction from the mill chamber in the air and upon the subsequent annealing at 

600 0C in the nitrogen atmosphere.  

2. EXPERIMENTAL  

The powder mixtures of Fe (PZhR-3.200.28) and h-BN (manufactured by “Plazmoterm”) were prepared with 

weight ratio of Fe:BN = 15, 8, 4, 1 and 0.36. The high-energy ball milling was carried out in the Aktivator-2S in 

the nitrogen atmosphere with milling lifetime varied from 7 to 60 h. The MA powders were compacted using 

press moulding at 40 MPa. The pressed samples were annealed within 2-5 h in the nitrogen atmosphere at 

200-600 °C. The X-ray phase analysis was performed by diffractometer DRON-4 using CoKα radiation. 

Qualitative and quantitative phase analyses were done using the software described in [18]. The microstructure 

of samples was observed in the scanning electronic microscope (SEM) JEOL JSM-6610LV. The differential 

thermal analysis (DSC) was carried out in the synchronic thermal analyzer Netzsch STA 449 F3 Jupiter (the 
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heating rate was 10 K/min). Magnetic properties were examined by the vibrating sample magnetometer VSM 

250 (Dexing Magnet Tech Co. Ltd) in magnetic field up to 2.5 T.  

3. RESULTS AND DISCUSSION 

The powder mixtures were studied with ratio of Fe:B = 15; 8; 4; 1 and 0.36). It is found that α-Fe lines and an 

X-ray amorphous phase (AP) are identified for the samples with ratio of Fe:BN � 4 by the XRD analysis upon 

MA, 60 h, whereas for others, only the α-Fe lines are characterized. Figure 1 shows diffraction of Fe, h-BN, 

Fe:BN = 1 powders upon MA, 60 h and Fe:BN = 1 followed by MA powder annealing at 600 °C, 2 h. The MA 

of pure Fe powder resulted in lines broadening and a slight change in lattice parameter a of α-Fe. The period 

is increased from 0.2866 to 0.2869 nm upon MA, 60 h (Figure 1a). Two halos are observed in regions near θ 

= 30° and 50° in the ground BN-powder spectra (Figure 1b), which indicate X-ray amorphous phase (XAP) 

formation upon MA, 60 h. In the pattern profile of the MA powder with ratio of Fe:BN = 1 there are only α-Fe 

peaks and the halo near θ ≈ 30° occurred (Figure 1c). The lattice period of α-Fe is incremented to 0.2872 nm 

upon MA, 60 h due to a feasible presence of B atoms in addition to the N in the interstitial positions of the Fe 

lattice. An observed asymmetric broadening of Fe (110) line in the area of smaller angles indicates the onset 

of iron nitride formation. Annealing the MA powders at 600 °C for 2 h narrowed the α-Fe peaks and decreased 

the volume of XAP, and produced weak new lines at small angles, probably from iron nitrides (Figure 1d).  

 

Figure 1 The XRD diffraction patterns of powders upon MA, 60 h: (a) pure Fe; (b) pure BN; (c) Fe:BN = 1 

powder, and (d) the same powder upon annealing at 600 °C. Vertical dashed lines show the α-Fe peaks  

 
Figure 2 DSC data of the sample Fe:BN = 1 upon MA, 60 h: (1) heating, (2) cooling  
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Differential scanning calorimetry demonstrates (Figure 2) that exothermic maximum on DSC curves in the 

range of 20 to 700 °C specific to amorphous phase transformation into crystalline phase, as the first order 

phase transition, is not observed. Contrarily, the delivered DSC results indicate the endothermic behaviour, 

besides the sample weight reduce is observed at temperatures exceeding 500 °C.  

It is known [19] that after the MA procedure the contact of BN particles with air at the stage of powder extraction 

from the mill chamber is reported to boron oxides and nitrogen oxides formation. Under the conditions 

considered in [19], this transformation occurs at temperatures above 1500 °C at 5.5 GPa. Therefore, we 

assume that the absence of an exothermic peak on DSC curves may be associated with crystallization of 

amorphous BN, which occurs at temperatures exceeding the data given in Figure 2.  

Figure 3 shows the microstructure of the pure Fe powder and Fe:BN = 15, 4, 1 powders upon MA, 60 h. The 

images were obtained via SEM of compacted powders. The pure Fe upon MA (Figure 3a) is consisted of 

particles with average sizes of 500-3000 nm, some of which have anisotropic shapes. The MA powders of 

Fe:BN = 15 and 4 are contained of equiaxial particles with sizes of 200-500 nm (Figures 3b,c). The Fe:BN = 

1 powder upon MA is contained of low contrast Fe particles (average size, ~100 nm) in the amorphous-like 

matrix phase (Figure 3d).  

 

Figure 3 SEM images of the samples upon MA, 60 h: (a) pure Fe; (b) Fe:BN = 15;  
(c) Fe:BN = 4 and Fe:BN = 1 (d)  

 
Figure 4 Dependences in σS and Hc of the Fe-BN samples upon MA, 60 h versus MA lifetime  
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Figure 4 shows the influence MA duration on magnetic properties of the samples Fe:BN = 15, 4, 1, 0.36 upon 

MA, 60 h. Apparently, a specific saturation magnetization is reduced monotonically, while the coercivity is 

increased with the MA lifetime arise to 60 h. The maximal value of Hc is observed on MA powders with a weight 

ratio Fe:BN = 1.  

In our previous work [11], the elemental composition of the powder with ratio of Fe:BN = 1 upon MA for 60 h 

via X-ray photoelectron spectroscopy (XPS) has been investigated. The obtained data revealed two processes 

induced by the high-energy milling of Fe and h-BN mixtures as: i) the physical milling of particles and ii) 

interaction between mechanically activated particles of Fe and BN with atmospheric oxygen and water vapour 

after their extraction from the mill chamber.  

The effect of iron content in the Fe-BN mixture after MA, 60 h to the size of coherence scattering regions (<D>) 

and microscopic deformation value <ε> is shown in Figure 5a. The changes of <D> and <ε> with increasing 

duration of MA for the sample Fe:BN = 15 are shown in Figure 5b. The second process results in interaction 

the MA powder with O2 and H2O during the MA, and produces chemical bonds Fe-N, Fe-B, and Fe-O on the 

surfaces of Fe particles due to the formation of iron nitrides, borides, and metahydroxide FeO(OH) [20]. In 

addition, the interaction between boron and oxygen results in the formation of amorphous B2O3. The annealing 

of the Fe-BN powders upon МА at temperatures ranging from 200 to 600 °C in the nitrogen atmosphere leads 

to the Fe4N nitride formation and decomposition of FeO(OH), which transforms to oxide Fe3O4 in the surface 

layers of α-Fe particles.  

 
Figure 5 Dependences of <D>size and <ε> value versus iron contents in the powders Fe-BN upon MA, 60 h 

(a) and versus the duration of MA for the sample Fe:BN = 15 (b)  

Figure 6 presents the hysteresis loops of the Fe:BN = 1 powder upon MA, 60 h and followed by 2 h of annealing 

in the nitrogen atmosphere at 600 °C. All hysteresis characteristics are increased after annealing: Hc from 32.5 

kA/m to 42 kA/m, s from 40.6 to 65.7 A·m2/kg, σr from 9 to 15 A·m2/kg.  

 
Figure 6 Hysteresis loops of the Fe:BN = 1 powders (a) upon MA, 60 h, and (b) after annealing the MA 

powders in nitrogen at 600 °C 
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The demagnetization curves analysis demonstrates that the coercivity is related to domain walls pinning on 

non-equilibrium structural defects (dislocations, vacancies, internal strains, and surface impurities) are 

originated during MA. The other reason of pinning may be concerned with nanoparticles of oxides and nitrides 

formed in the surface layer of iron particles during MA and subsequent annealing, when the influence of non-

equilibrium structural defects are relaxed and their influence as pinning centres decreased.  

4. CONCLUSION  

Our studies showed that the high-energy milling of Fe and h-BN powders mixture in a planetary ball mill allows 

obtaining the magnetically hard material from initially soft magnetic iron. The coercivity of milled powders 

increases with the raise of the mechanical milling duration.  

The annealing of the Fe-BN powders after МА at temperatures ranging from 200 to 600 °C in the nitrogen 

atmosphere leads to the nanoparticles Fe4N and Fe3O4 formation in the surface layers of α-Fe particles which 

resulted in pinning of domain walls and high coercivity. The maximum obtained magnetic properties for the 

sample Fe:BN = 1 followed by annealing at 600 °C within 2 hours in the nitrogen atmosphere as follows: 

saturation magnetization σs = 66 Am2/kg, Hc = 42 kA/m.  

ACKNOWLEDGEMENTS  

This work was supported by the Russian Science Foundation as part of the RF Presidential program 
“Research Conducted by Scientific Groups Led by Young Scientists,” project no. 18-72-10161.  

REFERENCES 

[1] COEY, J.M.D., SMITH, P.A.I. Magnetic nitrides. Journal of Magnetism and Magnetic Materials. 1999, vol. 200, pp. 

405-424.  

[2] GABAY, A.M., HADJIPANAYIS, G.C. Development of ThMn12 - type compounds for permanent magnets. In: 

Rare-Earth and future permanent magnets and their application (REMP 2016). Darmstadt: 2016, pp. 84-91.  

[3] CUI, J., KRAMER, M., ZHOU, L. Current progress and future challenges in rare-earth-free permanent magnet. J. 

Acta materialia. 2018, vol. 118, pp.118-137.  

[4] YEFIMENKO, S.P., ALEXEEV, V.I. Some physical and chemical aspects of nitrogen-alloyed steels production by 

means of smelting methods. Russian Metallurgy. 2002, no. 1, pp. 10-17.  

[5] COSTA, A.R.G., SILVA, R.C., FERREIRA, L.P. et al. Formation of oriented nitrides by N+ion implantation in iron 

single crystals. Journal of Magnetism and Magnetic Materials. 2014, vol. 350, pp. 129-134.  

[6] MINKOVA, I.O., MENUSHENKOV, V.P., SAVCHENKO, A.G., MINKOV, O.B. Formation of iron borides and iron 

nitrides in interaction of iron powder with boron nitride powder. Materials Research Innovations. 2018, vol. 23, pp. 
422-426.  

[7] MINKOVA, I.O., MENUSHENKOV, V.P., SAVCHENKO, A.G., ZHELEZNIY, M.V. Effect of bulk nitriding оn 
magnetic properties of iron. Metal Science and Heat Treatment. 2018, vol. 60, pp. 539-543.  

[8] TAO, J.G., YAO, B., YANG, J.H. Mechanism of formation of Fe-N alloys in the solid-state reaction process 
between iron and boron nitride. Journal of Alloys and Compounds. 2004, vol. 384, pp. 268-273. 

[9] O’DONNEL, K., RAO, L-X., LAIRD, G., COEY, J. M. D. Metastable iron nitrides by mechanical alloying. Physica 
status solidi (a). 1996, vol. 153, pp. 223-231.  

[10] BOKHONOV, B., KORCHAGIN, M., BORISOVA, Yu. Formation of nanosized particles encapsulated in boron 
nitride during low-temperature annealing of mechanochemically treated Fe-BN mixtures. Journal of Alloys and 

Compounds. 2004, vol. 372, pp. 141-147.  

[11] JIANG yanfeng, LIU Jinming, SURI PRANAV K., KENNEDY GREG, THADHANI NARESH N. FLANNIGAN 

DAVID J., WANG JIAN PING. Preparation of an α''-Fe16N2 magnet via a ball milling and shock compaction 
approach. Advanced Engineering Materials. 2016, vol. 18, no. 6, pp. 1009-1016.  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

913 

[12] MENUSHENKOV, V.P., MINKOVA, I.O., SAVCHENKO, A.G. Magnetic Properties and Structure of Materials 

Obtained from Solid-State Reaction Process between Iron and Boron Nitride Induced by Mechanical Milling. 
Physics of Metals and Metallography. 2019, Vol. 120, No. 13, pp. 1337-1340.  

[13] MENUSHENKOV, V.P., MINKOVA, I.O., DOROFIEVICH, I.V., SHCHETININ, I.V., ZHUKOV, D.G., 
PARHOMENKO, Yu.N., SKRYLEVA, E.A., SAVCHENKO, A.G. Effect of high-energy ball milling on the structural 

phase state and magnetic properties of boron nitride and iron powder mixtures. Bulletin of the Russian Academy 
of Sciences: Physics. 2020, vol. 84, no. 7, pp. 871-878.  

[14] YAMASHITA, S., MASUBUCHI, Y., NAKAZAWA, Y., OKAYAMA, T., TSUCHIYA, M., KIKKAWA, S. Crystal 
structure and magnetic properties of α''-Fe16N2 containing residual α-Fe prepared by low-temperature ammonia 

nitridation. Journal of Solid State Chemistry. 2012, vol. 194, pp. 76-79.  

[15] DIRBA, I., SCHWOBEL, C.A., DIOP, L.V.P., DUERRSCHNABEL, M. Synthesis, morphology, thermal stability 

and magnetic properties of α''- Fe16N2 nanoparticles obtained by hydrogen reduction of γ-Fe2O3 and subsequent 

nitrogenation. Acta Materialia. 2017, vol. 123, pp. 214-222.  

[16] JIANG, Y., DABADE, V., F. ALLARD, L.F., LARA-CURZIO, E. Synthesis of α''- Fe16N2 compound anisotropic 

magnet by the strained-wire method. Physical Review Applied. 2016, vol. 6, no. 2, pp. 1-10.  

[17] JIANG, Y., MEHEDI, M.A., FU, E., WANG, Y. Synthesis of α''- Fe16N2 compound free-standing foils with 20 

MGOe magnetic energy product by nitrogen ion-implantation. Scientific Reports. 2016, vol. 6, 25436. 

[18] SHELEKHOV, E.V., SVIRIDOVA, T.A. Programs for x-ray analysis of polycrystals. Metal Science and Heat 
Treatment. 2000, vol. 42, no. 7, pp. 309-313.  

[19] TANIGUCHI, T., KIMOTO, K., TANSHO, M. et al. Phase transformation of amorphous boron nitride under high 
pressure. Journal of Non-Crystalline Solids. 2000, vol. 277, pp. 91-97.  

[20] GROSVENOR, P., KOBE, B.A., BIESINGER, M.C., MCINTYRE, N.S. Investigation of multiplet splitting of Fe 2p 
XPS spectra and bonding in iron compounds. Surface and Interface Analysis. 2004, vol. 36, pp. 1564-1574.  

 

 

  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

914 

INFLUENCE OF VACUUM ON ADJUSTING PARAMETERS OF HIGH PRESSURE DIE 
CASTING PARTS FROM ALLOY AlSi9Cu3(Fe) 

1Maciej FERDYN, 2Jarosław PIĄTKOWSKI 

1Private person, Katowice, Poland, EU, maciej.ferdyn@gmail.com 

2Silesian University of Technology, Department of Materials Technology, Katowice, Poland, EU, 

jaroslaw.piatkowski@polsl.pl 

https://doi.org/10.37904/metal.2020.3630 

Abstract  

In paper authors present the influence of adjusting key parameter, which is changeover point between first and 

second phase, on quality of casting from AlSi9Cu3(Fe) alloy. Technological tests were carried out in industrial 

conditions on a machine with a clamping force of 1200 Mg with variable parameters of the piston operation. 

Production practice has shown that with inappropriate selection of parameters, on the final products significant 

casting defects appear in the form of: drags, delaminations, sticking of castings on the mould and discoloration 

associated with uneven filling of the mould cavity. Based on the temperature distribution of the mould, the 

spray head was checked for correct operation and its impact on defects was eliminated. The filling of the mould 

was checked at the time of switching the second phase with the vacuum turned on and off in the mould cavity. 

It was shown that the key parameter is the appropriate selection of the changeover point of the second phase 

which is influenced by the vacuum in the cavity of closed mould. 

Keywords: High pressure die casting, aluminum alloys, process parameters 

1. INTRODUCTION 

High pressure die casting is a process that is characterized by very high speed and pressure not found in other 

foundry technologies. Currently the most common in production of aluminum casting companies are cold-

chamber machines to which liquid metal is supplied manually or automatically. The injection process is part of 

the casting cycle, which can be divided into three phases. The first phase (the slowest) leading the metal to 

the in-gate. The second phase (the fastest) feeding of the metal to the mould cavity and the third phase refining 

of the metal in the mould under high pressure. The selection of appropriate process parameters is a key to 

obtaining qualitatively appropriate castings [1]. In the era of increasing requirements for castings, it is 

necessary to use a vacuum to eliminate air from the mould cavity before injection. This has a significant impact 

on the selection of casting parameters, and in particular on the selection of changeover point between first and 

second phase. The work focuses on the elimination of casting defects by appropriate selection of the casting 

parameter which is the selection of the second phase changeover poing. The spraying process was checked 

first to eliminate its impact on the occurrence of defects. The castings were made of AlSi9Cu3(Fe) - ENAC 

46000 alloy. 

The aim of the research was to assess the impact of vacuum on the selection of technological parameters of 

the high pressure die casting process for automotive components. The correct value of the vacuum in the 

working chamber of the casting machine will also help to improve the material quality in terms of reducing the 

defects of finished products. 
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Table 1 Composition of alloy EN AC 46000 in wt% according to the PN-EN 1706: 2011 [2] 

Range Al Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti 

Min. 
Residue 

8 0.6 2 0 0.15       

Max. 11 1.1 4 0.55 0.55 0.15 0.3 1.2 0.35 0.035 0.2 

2. HIGH PRESSURE DIE CASTING PROCESS 

The high pressure casting process in a cold chamber machine can be divided into 9 basic stages shown in the 

diagram below Figure 1: 

 
Figure 1 Diagram of the high pressure casting process 

The applied vacuum is activated in stage 3 [3]. This is due to the liquid metal closing the air supply. Appropriate 

process control is key to achieving a stable process and qualitatively suitable castings. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

916 

3. INFLUENCE OF VACCUM ON PROCESS PARAMETERS 

During casting on the initial parameters of the valve cover casting defects appeared which are presented in 

Figures 2-4. 

 

Figure 2 Drags on the part at the gating system 

 

Figure 3 Casting sticks to the fixed die 

 

Figure 4 Visible traces of metal joining and delamination 

In order to eliminate defects, the efficiency of the spraying system was checked first. By observing mould 

temperatures in the production cycle, no deviations from production practice were observed. Irregularities of 

the spraying system were thus excluded. The next step was to carry out the mould filling test with / without 

vacuum. An important parameter affecting the process is the piston speed, all speeds were constant during 

casting [4]. The liquid metal should be at the height of in-gate to obtain the required quality of castings. 
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Figure 5 Mould filling test without vacuum, changeover point 450 mm 

 
Figure 6 Mould filling test without vacuum, changeover point 500 mm 

 
Figure 7 Mould filling test with vacuum, changeover point 500 mm 

The results of the fill test are shown in Figures 5-7. For reasons of technological secrecy, the results are 

shown in the diagrams. If the vacuum was not used, the appropriate switching point would be 500mm, however, 

the effect of vacuum below 100 mbar causes metal to be drawn into the mould cavity (prefill) before switching 

the second phase. Figure 7. The final parameter of the switching point was 475 mm, which compensated for 

the impact of the vacuum on filling the cavity forms and gating system. 
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4. CONCLUSION  

The selection of casting parameters is key to obtaining quality castings. Among the machine parameters 

multiplied pressure in the third phase, Plunger velocity in the second phase, die cavity filling time have 

significant effect on porosity formation in aluminum die castings which directly responds to mechanical 

properties of castings. In paper parameter changeover point of second phase was investigated. 

Initial parameters resulting from theoretical calculations are an indication for the proper conduct of the process 

and test castings should be carried out to match the parameters to both the mould and the type of casting 

machine. As shown in the article, the type of pressure casting process (conventional or vacuum) has a 

significant impact. 
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Abstract 

The corrosivity of indoor atmospheres is usually evaluated according to the ISO 11844-1 standard, utilizing 

specimens of different metals. However, the sensitivity of this setup is not sufficient to the presence of specific 

organic pollutants, such as acetic and formic acid or formaldehyde. In this study, lead metal specimens were 

added as complementary specimens in the series of exposures including various museums and cultural sites. 

Temperature and relative humidity were monitored and adsorbent tubes were deployed for estimation of the 

content of the organic compound. For comparison and verification, lead specimens were exposed in laboratory 

conditions with controlled levels of acetic acid, which is supposed to be the main cause of the increase in lead 

corrosion rates. The results show that the use of lead specimens can provide valuable data about the 

corrosivity of the atmosphere due to its sensitivity to the presence of the carboxylic acids. This can be 

particularly important information for indoor storage conditions in museums and depositories. However, 

a proper method to evaluate the lead corrosion rates is necessary. 

Keywords: Lead, atmospheric corrosion, indoor atmosphere 

1. INTRODUCTION 

Lead is a common metal material among the various objects of cultural heritage, including seals, coins, statues, 

stained glass, organ pipes or objects of everyday life. In common atmospheric conditions, lead is considered 

a stable metal with low corrosion rates due to the thin protective layer of corrosion products [1-4]. Based on 

the conditions, the composition of the corrosion products may include lead oxides, sulphide, chloride and 

especially lead carbonates in several mineral forms - cerussite, hydrocerussite or plumbonacrite. The level of 

protective properties of the layers of corrosion products depends mainly on relative humidity. In conditions with 

high humidity, voluminous corrosion products without protective properties are usually formed on the lead 

surface instead of a thin protective layer [1-6]. 

The presence of the organic pollutants in the atmosphere can significantly alter the lead corrosion behavior. 

Formic and acetic acid has the most pronounced effect on the lead corrosion rate [7-10]. Even at 

a concentration of 0.1 ppm, the presence of organic acid vapours is highly corrosive to the lead surface [9-12]. 

Unlike other lead compounds, lead acetates and formats are relatively soluble. Therefore, corrosion products 

formed in the atmosphere with acetic or formic acid vapours and high relative humidity do not provide any 

protective effect. Moreover, it is possible for the acid and formic acid to be partially released from the corrosion 

products and further participate in the corrosion process [1,9-10]. 

Because of the described sensitivity, measurement of the lead corrosion rates can provide valuable information 

about the corrosivity of indoor atmospheres caused by the presence of volatile organic compounds. This is 
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particularly important for conditions in museum repositories and archives where, based on the material of the 

indoor equipment, the concentration of acetic acid can be up to 20 times higher than outdoors [2]. Metal 

specimens used in the ISO 11844 standard may not provide sufficient sensitivity for this type of assessment 

[13].  

The main goal of the study was to evaluate the possibility of use of lead specimens to determine the corrosivity 

of indoor atmospheres. 

2. EXPERIMENTAL PART 

2.1. Exposure sites 

To evaluate the corrosivity of indoor museum atmospheres and the benefit of adding lead specimens to the 

standard procedure, six different sites were chosen for 3-months exposure: 

 UCT Prague - Historic Library;   

 UCT Prague - Mineralogical collection (with old cabinets for the collection); 

 National Archive - Hradčanská (archive room); 

 National Library - open shelf in baroque hall in Klementinum; 

 Central Bohemian Museum in Roztoky u Prahy - depository VU (new depository of fine arts with 
controlled conditions); 

 Central Bohemian Museum in Roztoky u Prahy - depository H. 

During the exposures, climatic parameters were monitored and the average concentration of acetic and formic 

acid in the atmosphere was estimated using passive samplers for long-term measurement and short-term 

detection tubes with a gas pump.  

2.2. Samples 

Series of silver, copper and lead metal specimens were prepared for each exposure site. Silver and copper 

specimens are part of the standard method described in ISO 11844-2 standard. The lead was tested for its 

specific sensitivity to the presence of carboxylic acids. Dimensions of the copper specimens were 10 x 50 mm; 

dimensions of silver and lead specimens were 10 x 25 mm. 

Silver and copper samples were prepared according to the ISO 11844-2 standard - the surface of the 

specimens was abraded with sandpaper of 1200 P roughness, rinsed with deionized water, degreased with 

ethanol and air-dried. Lead specimens were prepared by abrading of the surface with sandpaper of 800 P 

roughness and subsequent chemical cleaning in 20 % HCl followed by the second abrading of the surface with 

the abrasive wadding (3M Scotch-Brite CF-MF), rinsing with deionized water, degreasing with acetone and 

air-drying. 

2.3. Evaluation 

The mass gain gravimetric method and galvanostatic (GS) reduction were used to evaluate the exposed metal 

specimens. For the galvanostatic reduction, deaerated potassium chloride solution with concentration of 

0.1 mol.l-1 was used and cathodic current density of 0.125 mA.cm-2 was applied. 

The mass loss method was tested as well. However, it has shown to be a challenging method for the evaluation 

of lead specimens - any loss of the material due to the manipulation during specimens handling or during 

removal of the corrosion products may often mask the correct value of the mass losses. For that reason, only 

complete results from mass gain and galvanostatic reduction were considered for the evaluation. 
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2.4. Controlled conditions 

To evaluate the sensitivity of lead to specific levels of acetic acid in the atmosphere, 10 x 50 mm lead 

specimens were exposed in the controlled environment. To reach desired environmental conditions, the lead 

specimens were placed in a chamber with an intake of dry air, wet air and air with the acetic acid. The acetic 

acid vapours were dosed by heating of a permeation tube filled with a small amount of the acid. The flow in all 

three intakes was controlled by valves to achieve the chosen conditions (see Table 3). The lead specimens 

were prepared in the same manner as for the former test. Five samples were exposed in each test for a period 

of 1 month. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of the exposure sites 

Table 1 summarizes the results of the characterization of the exposure sites in terms of temperature, relative 

humidity and level of the acetic and formic acid in the atmosphere. 

Table 1 Characterization of the exposure sites 

Exposure site 

Climatic parameters Conc. of acetic acid (ppm) Conc. of formic acid (ppm) 

Temperature 
(°C) 

RH (%) 
Passive 
sampler 

Detection 
tube 

Passive 
sampler 

Detection 
tube 

Historic  
library (UCT1) 

18-29 30-50 0.3 0.3 < 0.01 < 0.03 

Mineralogical 
collection (UCT1) 

15-26 30-55 0.1 < 0.05 0.1 < 0.01 

National Archive - 
Hradčanská 

15 55 0.2 < 0.05 < 0.005 < 0.03 

National Library - 
Klementinum 

12-26 45-60 0.6 0.5 < 0.01 0.2 

Roztoky - 
depository VU2 

17-21 35-52 0.1 < 0.05 < 0.004 0.1 

Roztoky - 
depository H2 

16-23 37-58 0.3 0.4 < 0.004 0.1 

1 University of Chemistry and Technology 
2 VU - Depository of Fine Arts, H - Musical Depository 

Temperatures were in all cases below 30 °C during the monitored period. The highest relative humidity was 

60 % in the case of Klementinum. These conditions itself, temperatures from 12 °C to 29 °C and levels of 

relative humidity up to 60 %, do not pose an excessive risk in terms of lead corrosion. The concentrations of 

acetic and formic acid vapours in the indoor atmosphere were evaluated using two methods, passive samplers 

and detection tubes. Overall, the values obtained with the passive samplers for acetic acid were in most cases 

higher compared to the detection tubes. The concentration of acetic acid was highest in the Klementinum site 

reaching values of 0.5-0.6 ppm. This concentration is high enough to increase significantly degradation of lead 

artifacts. The concentration of formic acid was in all cases lower than in the case of the acetic acid, not 

exceeding 0.1 ppm. Moreover, it has been shown that the presence of the formic acid tends to reduce the 

intensity of corrosion attack caused by acetic acid due to the formation of the thin protective film of formate 

corrosion products [10]. 
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3.2. Exposure results 

Table 2 shows the results for the specimens exposed for 3 months in the chosen exposure sites. The 

specimens were evaluated using mass gain and GS reduction. Evaluation of the silver and copper specimens 

allowed to classified the corrosivity of the exposure sites atmosphere according to the ISO 11844-1 standard. 

Table 2 Evaluation of the exposed specimens 

Exposure site 
Mass gain (mg/m2.a) GS reduction (mg/m2.a) 

Ag Cu Pb Ag Cu Pb 

Historic library (UCT) 4 4 189 204 160 3911 

Mineralogical collection (UCT) 1029 12 688 260 231 3135 

National Archive - Hradčanská 176 0 707 100 232 3300 

National Library - Klementinum 361 5 1642 91 193 1210 

Roztoky - depository VU 233 0 1242 89 193 3203 

Roztoky - depository H 166 48 446 172 222 3043 
 

 IC1  IC2  IC3  IC4  IC5 

For the majority of the exposure sites, different corrosivity classification was reached based on the type of 

specimen (silver vs copper) or evaluation method. The most evident difference was noted in the Mineralogical 

Collection of the UCT Prague with IC5 classification for Ag specimens and IC1 classification for Cu specimens 

using the mass gain method and IC2 classification for Ag specimens and IC3 classification for Cu specimens 

using the GS reduction.  

In all cases, lead specimens proved to be more sensitive to the indoor atmospheric conditions compared with 

other specimens. However, correlation with the detected concentration of carboxylic acids is not unambiguous 

and acetic acid concentration is not the only parameter causing the change in the lead corrosion rates. The 

mass gain method shows the highest corrosion rate for the lead specimens from the Klementinum exposure 

site, which is consistent with the results of the measured levels of the acetic acid concentration (Table 1). 

However, GS reduction shows a reverse trend with the lead specimens from the Klementinum exposure site 

having the lowest corrosion rate. Therefore, not only climatic conditions and concentration carboxylic acids but 

also the evaluation method can significantly alter the results.  

3.3. Measurements in controlled conditions 

The results of the exposures in controlled conditions (Table 3) show that at a tested average relative humidity 

of 50 %, no mass gain was detected on the specimens with 0 and 50 ppb concentration of acetic acid vapours. 

Acetic acid concentration of 50 ppb thus probably does not cause at 50% RH any significant increase in the 

corrosivity of the atmosphere. The concentration of 500 and 1000 ppb led to a major increase in the corrosivity, 

as shown by the results. Additional steps between 50 and 500 ppb would be necessary to determine reliably 

the limit values of acetic acid concentration, above which the corrosivity of the atmosphere increases.  

The levels of corrosion rates achieved in the controlled conditions are significantly higher compared to the 

results from the exposure sites. The major difference is steady a continuous intake of the organic pollutant in 

controlled laboratory conditions - the whole volume of the atmosphere in the chamber changed every 15-20 

minutes thanks to the airflow. Additionally, longer exposure would probably lead to a decrease in the corrosion 

rates due to the protective properties of lead corrosion products. 
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Table 3 Corrosion rate of the lead specimens exposed in specific conditions with known level of acetic acid    

in the atmosphere 

Test 
Mass gain (g/m2.a) 

No. RH (%) Conc. of acetic acid (ppb) 

1 50 0 0 

2 50 50 0 

3 50 500 16 

4 50 1000 22 

4. CONCLUSION 

Lead is significantly more sensitive to the presence of carboxylic acids in the atmosphere compared to the 

standard set of metal specimens used in the evaluation of the atmospheric corrosivity. Exposures in museum 

environments shown that lead specimens react to the presence of acetic acid even at low concentrations of 

hundreds of ppb. However, to obtain reliable information about the atmosphere and its corrosivity, proper 

methodology for evaluation of the mass changes is needed. With ongoing laboratory tests, it should be possible 

to find the exact levels of acetic acid concentration in relation to the relative humidity in the atmosphere that 

lead to significant changes in the lead corrosion resistance. 
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Abstract 

Commercial Nickel 201 alloy is widely used as a sealing material in applications under extreme temperatures 

and pressures. This study was designed to confirm the ability of the alloy to recover after annealing in a short 

time. After annealing at 950 °C in a vacuum chamber, tensile testing was performed on the specimens after 

12, 60, 108, 168, 288 h and 312 h of natural aging. The results were compared with non-annealed state. It 

was shown that the significant decrease of yield stress and ultimate tensile strength occurs after annealing. 

With increasing recovery time after annealing, the slight decrease of yield stress was observed up to 240 h. 

After 288 h the yield stress slightly increased. The microstructure of annealed specimens was analyzed using 

electron back-scatter diffraction, and the effect was confirmed by subgrain-recrystallized grain ratio 

calculations. Obtained stress-strain curves also confirm that this material can be safely used for the sealing 

manufacturing after 312 h after annealing without significant degradation. So, the attainability of the required 

parameters is reached. 

Keywords: Ni 201, nickel alloy, mechanical properties, annealing, microstructure 

1. INTRODUCTION 

Nickel-base alloys are primarily used in applications where high-strength properties and high ductility at 

elevated temperatures are desired, e.g. fastening. Their low gas content, corrosion resistance, particularly to 

caustic environments [1-3], is favorable for many industrial applications, such as a candidate material for the 

container for nuclear waste repository [4] and advanced turbine blades. However, the most typical application 

for more simple nickel alloys, e.g. Nickel 200 and 201 Alloy, when the other special properties of nickel alloys 

are not required, are food-processing equipment, chemical shipping drums, aerospace and missile 

components and piping [5]. Nickel 201 is preferred to Nickel 200 for applications involving exposure to 

temperatures above 316 °C, such as seal or gaskets. Due to the face-center cubic structure, alloy is subject 

to rapid strain hardening, which gives it an increased formability, especially in annealed condition, at room 

temperature (RT) making it adoptable to the cold fabrication. Excellent formability in annealed condition is 

a great advantage of the alloy for the sealing applications. However, there are limitations of the time-usage of 

the alloy after annealing [6]. This study is designed to confirm usability of this material after annealing for the 

seal/gasket part of pressure vessels construction and to prove attainability of required system parameters. To 

investigate the effect of annealing on mechanical properties and recovery properties of commercial Nickel 201 

alloy, the series of tensile tests at RT were conducted following by microstructural observations described in 

this paper. 

2. MATERIAL AND SPECIMENS 

Commercial Nickel 201 (Ni201) alloy with nominal chemical composition in Table 1 was used for the study. 

The alloy was as-cast at 650 °C during 3 h. The cast 8 mm bar was used for the specimen preparation. Round 

tensile specimens with the diameter of 4 mm and gauge length of 28 mm were cut from the bar. Specimens 

were further annealed in the vacuum furnace CLASIC 10010VAK to avoid surface oxidation at 950 °C for 2 h 

with a heating rate of 3 °C·min-1 (during 5 h) and were quenched using controlled cooling during 12 h. 
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Table 1 Nominal chemical composition of the melt of Ni201 alloy (wt%) 

Ni C Co Cu Fe Mg Mn 

99.43 0.016 0.001 0.009 0.01 0.011 0.25 

S Si Ti Pb P Sn  

0.001 0.24 0.001 <0.001 <0.005 <0.005  

3. EXPERIMENTAL TECHNIQUES 

Tensile testing was performed using universal servo-hydraulic tensile testing machine Instron 8874 according 

to ASTM E8 standard. Constant extension rate of 1 mm·min-1 were chosen and tests were performed up to 

rupture at RT. Round tensile specimens of as-received Nickel 201 alloy, alloy after annealing and 12 h of 

quenching, and further after 60, 108, 168, 240, 288 and 312 h of RT natural aging were examined in order to 

obtain the recovery properties of the alloy. Annealed specimens were prepared for electron-back scattered 

diffraction (EBSD) analysis using standard metallographic techniques and were kept in the SEM chamber 

during the aging to eliminate unfavorable thermal effects. The microstructure was studied using Tescan Lyra3 

scanning-electron microscope by acquisition of EBSD maps of 2 x 2 mm2 with a step size of 5 µm at 

accelerating beam voltage of 20 kV. 

4. RESULTS 

The microstructure of as-received material and the material after annealing is shown in maps in Figure 1. The 

initial grain size of 10 µm has increased after annealing and controlled quenching up to 14 µm  

(Figures 1a, b). The recrystallized fraction maps were obtained using misorientation angles for subgrains - 3° 

and for recrystallized grains - 15°. The structure with misorientation angle less than 3° is considered as 

deformed. In Figure 2, the evolution of fraction of deformed, subgrains and fully recrystallized grains with 

respect to the annealing time is shown. After annealing (12 h), the large amount of subgrains, 74 %, is present 

compared to the mostly deformed as-received structure (-24 h). Small amount of fully recrystallized grains is 

also observed (3.6 %) after annealing. Long-term natural aging starting from 168 h after annealing results in 

the material’s recovery and grain growth up to 58 µm (Figures 1c and 2). The recrystallized fraction is 

drastically increased up to about 80 %, and almost no deformed structure is observed. Increasing aging time 

(240 h) leads to the increase of the subgrains-recrystallized grains ratio from 0.2 to 2, however, no further grain 

growth was detected. After 288 h this ratio decreases to the values obtained after 168 h and remains similar 

after 312 h of aging. This spontaneous change of the subgrains-recrystallized grains ratio with no effect on the 

grain size was confirmed by the results of tensile tests. 

Table 2 Mechanical properties of Ni201 alloy in several aging conditions 

Material 
Yield stress 

(MPa) 
Ultimate tensile 
   strength (MPa) 

Max. strain 
(-) 

As-received, non-annealed 108 560 0.2 

12 h of controlled quenching after annealing  45 394 0.45 

60 h after annealing 44 391 0.45 

108 h after annealing 27 396 0.46 

168 h after annealing 26.6 17 369 0.41 

240 h after annealing 29.6 14 358 0.435 

288 h after annealing 1/7 19.5 381 0.42 

312 h after annealing 15.5 357 0.52 
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Mechanical properties of al studied material conditions obtained during the testing are summarized in Table 2. 
Engineering stress-strain curves and the dependences of UTS, YS and elongation on time with respect to the 
annealing are presented in Figures 3 a, b. Additional tests after 60 and 108 h were performed to study the 
trend of the aging effect on the material’s recovery. Ist was shown that the significant decrease of yield stress 
and ultimate tensile strength occurs after annealing and 12 h of controlled quenching. With increasing RT 
aging time after annealing, the slight decrease of yield stress was observed up to 240 h. After 288 h the slight 
increase of the yield stress was observed, and at 312 h the value are similar within the measurement error, 
which corresponds also to the acquired recrystallization fraction ratios.     

(a) As-received (-24 h) (b) Annealed and 12 h of controlled 

cooling (12 h) 

(c) Annealed and aged for 168 h 

   
(d) Annealed and aged for 240 h (e) Annealed and aged for 288 h (f) Annealed and aged for 312 h 

   

Figure 1 Recrystallization fraction EBSD maps of a) as-received, b) annealed and quenched, c-f) aged Ni 
201 commercial alloy 

 

Figure 2 Fraction of deformed, subgrains and fully recrystallized grains in natural aged Ni201 alloy with 

respect to the annealing time 
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Figure 3 a) Stress-strain deformation curves for Ni201 alloy in as-received and after annealing conditions 

and b) mechanical properties dependences on the aging time 

5. DISCUSSION AND SUMMARY 

The results of tensile testing of commercial Ni201 alloy were summarized and compared to the microstructure 

observations. It was shown that after 2 hours of annealing at 950 °C and 12 h of controlled cooling a decrease 

in yield strength, tensile strength and, conversely, a two-times increase in elongation occur. 

The recovery properties of Ni201 alloy after annealing, cooling and natural aging at RT were obtained. The 

results of tensile testing confirm the decrease of yield stress and ultimate tensile strength after 240 h of aging 

related to the increase of the subgrains-recrystallized grains ratio from 0.2 to 2, when compared to 168 h. This 

can be explained by continuous stress relief achieved in the material first after annealing and reinforced during 

aging. Further decrease of this ratio from 2 to 0.08 with aging time is correlated with the slight increase of 

mentioned mechanical properties. However, this effect is not accompanied by the grain growth. Further 
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investigation of the precipitation and microstructure is needed to understand and explain the effect. 

Nevertheless, according to the acquired results the Ni201 alloy can be safely used as a sealing material after 

up to 312 h after conventional annealing with no significant influence on the mechanical properties. These 

results will be used for the design and calculation of seal/gasket parts for the construction of pressure vessels. 
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Abstract  

The extraction of platinum from sulphide copper-nickel ores is a multi-stage process, which includes the 

melting of the prepared concentrate in electric ore smelting furnaces. In these furnaces, the melt is divided into 

matte and slag. Platinum is generally concentrated in matte; however, some its part remains in the slag, thus 

leading to metal losses. In order to reduce platinum losses, the forms of platinum in these phases should be 

studied. The analysis of possible chemical reactions in ore was carried out using the HSC Chemistry software 

package. It was experimentally established that platinum in matte is present in the form of intermetallics with 

Fe and Ni. The Pt-Fe intermetallide is a dispersed needle formation with a length of 20 to 500 µm and a 

thickness of up to 10 µm. The size effect is revealed: the content of impurities in the PtFe intermetallide 

increases with decreasing the thickness of needle formations. It was found that matte drops together with the 

associated Pt, Fe, and Ni intermetallide particles of no more than 5-7 µm in size, were carried into the slag by 

gas bubbles, which appear due to decomposition of sulphides. The conditions for the rise of a matte drop, 

together with a bubble in the slag, consist in the fact that the adhesive force of the drop with the bubble and 

the buoyancy force acting on the bubble must be greater than the gravity of the drop. 

Keywords: Platinum, intermetallide, matte, surface tension, flotation  

1. INTRODUCTION 

The world’s main reserves of platinum are found in layered intrusions of ultrabasic rocks and sulphide copper-

nickel ores [1]. Extraction of platinum from sulphide copper-nickel ores is a multi-stage process that involves 

melting of a previously prepared concentrate in electric ore smelting furnaces, where the melt is divided into 

sulphide and oxide components (matte and slag). Platinum is generally concentrated in matte; however, some 

its part remains in the slag, thus leading to metal losses [2,3]. In order to develop technologies providing 

reduced platinum losses, the mechanism of transition of platinum into slag and the forms of platinum during 

all the respective stages should be studied. One of the possible options for this transition is the flotation of 

matte drops containing platinum by gas bubbles that appear due to sulphide decomposition. From the 

perspective of physical chemistry, flotation implies floating of bodies on the surface of a liquid, whose densities 

are higher than that of this liquid. During flotation, the bubble must overcome the matte-slag boundary and 

hold a matte drop when floating in the slag. Thus far, researchers have mainly focused either on the mineralogy 

of platinum in mature slag disposal areas formed during copper and nickel production [4] or the distribution of 

platinum between slag and matte [2]. Drops flotation [5] has attracted little attention. The behavior of a gas 

bubble breaking the surface of two liquids was considered in [6]. 

Therefore, the aim of the present study was to experimentally study platinum forms in the products of ore 

melting (matte and slag), to analyze possible chemical reactions in such ores using the HSC Chemistry 9.0 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

931 

software package and the flotation conditions of matte drops by slag gas bubbles. The results can be used in 

studies aimed at increasing the degree of platinum recovery. 

2. MATERIAL AND METHODOLOGY 

Copper-nickel sulphide ore widely used for extracting copper, nickel and platinoids was selected as material 

for the study. It consists of our data from (wt%): pyrrhotite 42.8, chalcopyrite 20.0, pentlandite 11.3, magnetite 

16.0 and silicates 9.9 and contains 1.1 g/t Pt in the form of predominantly PtAs2. The mineral composition of 

the ore was determined by x-ray phase analysis. The platinum metal content was determined using an 

SPECTROFLAME MODULA S inductively coupled plasma atomic emission spectrometer and an ELAN 9000 

inductively coupled plasma quadrupole mass spectrometer. 

Ore samples were melted in corundum crucibles in a resistor furnace with a graphite heater at a temperature 

of 1200 and 1300 °C in the atmosphere of carbon combustion products. The exposure period was 1 hour, and 

the furnace cooling period was 1 hour. The as-obtained ingots were divided into matte and slag. Polished 

sections (10 pieces) were made from the samples to study the mineral composition using an Axio Image optical 

microscope and a Tescan Vega 3 scanning electron microscope equipped with an Oxford Instruments X-act 

energy dispersion attachment. The electron beam diameter was 2-3 µm, which allowed the chemical 

composition to be determined in micron-sized phases. The content of elements was determined with an 

accuracy of 0.01-0.02 wt%. To facilitate the search for platinum-containing phases using microscopes, in some 

cases, Pt was added to the studied ore in the form of a specially prepared platinum sponge with a particle size 

not exceeding 100 µm, in an amount from 1.0 to 2.5 kg/t. The added platinum interacted with the ore 

components during heating, soaking at high temperatures and cooling similarly to natural platinum. 

3. RESULTS 

After melting copper-nickel sulphide ore with a natural platinum content (1.5 g/t) at a temperature of 1300 °C 

and soaking for 15 minutes, skeletal FeNi crystals were found in the sulphide part (matte), which contained 

single drop-shaped platinum-containing intermetallic particles of no more than 0.5 µm. Matte, according to the 

results of X-ray phase analysis, consists of (wt%) troilite 72.4, bornite 10.1, FeNi alloy 7.0 and magnetite 4.9. 

Iron in the metal form as a separate phase was not detected. 

The addition of platinum metal to the furnace mixture revealed several phases containing Pt. Pt in matte after 

cooling from 1300 °C is in the form of intermetallides and probably chemical compounds with Fe and Ni, which 

are needle formations from 20 to 500 µm long and up to 10 µm thick (at 1300 °C), Figure 1. These formations 

are aggregates of prismatic crystals, which, as shown by chemical analysis using an energy-dispersive 

attachment, are PtFe intermetallide. The crystals are in a double shell: of (Pt, Fe, Ni) intermetallide with a 

thickness of no more than 1 µm and a Pt content in the range of 33.55 to 56.55 wt%., which in turn is bordered 

by a FeNi alloy. The latter is also found separately from Pt compounds in the form of skeletal crystals. After 

cooling from 1200 °C, PtFe intermetallide crystals have a skeletal shape, smaller size (average thickness of 

2-3 µm), and contain lower amounts of Pt (from 47 to 63 wt%) compared to samples after cooling from  

1300 °C. 

PtFe intermetallide contains Cu and Ni impurities (Ni: 1.86-5.06 wt%; Cu: 0.79-2.64 wt%). Such impurities are 

characteristic of this alloy [7]. The impurity content increases, as in the case of dispersed Au particles, which 

was established earlier [8], with a decrease in the thickness of the PtFe formations. The (Pt, Fe, Ni) 

intermetallide features Cu (1.97-2.56 wt%) and Co (0.27-0.69 wt%) impurities. The increase in the impurity 

content in dispersed needle platinum formations (thickness no more than 10 µm) with a decrease in their 

thickness L can be explained by an increase in the thermodynamic activity of the dispersed substance.  

In order to predict changes in the chemical and phase composition, the authors analyzed possible chemical 

reactions in the ore, the mineral composition of which is given above, using the Equilibrium Compositions 
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module of the HSC Chemistry 9.0 software package for changing the thermodynamic parameters and carbon 

content. It was found that platinum during heating the ore mass in the range of 0-1300 °C could be in the 

following form: platinum, as well as PtS, PtFe, PtFe3, PtNi. Dynamic changes in sulphide ore start in the 

temperature range of 300-600 °C: the contents of C, Fe7S8, CuFeS2, Fe3O4, and PtS fall sharply, while CO, 

CO2, FeS, and intermetallides including those containing Pt appear in large quantities. The phase composition 

and number of phases at different temperatures are affected by carbon. For example, when the carbon content 

is high, Fe, Ni, and Cu are actively reduced, and FeNi is formed. With an increase in the amount of introduced 

platinum metal from 0.1 to 2.5 kg/t in the initial furnace-charge, the number of platinum-containing products as 

shown in Figure 3 increases proportionally. However, the products remain unchanged. This indicates that the 

behavior of platinum during ore heating and melting is not affected by its content. 

 

Figure 1 Sulphide drops (Matte) transferred by gas bubbles (Gas) to slag (Slag). Image taken in BSE mode 

 

Figure 2 Fragment of a matte drop with Pt particles in slag (a) and a matte drop in slag (b), designations: 

PtFe and FeNi - intermetallic compounds and alloys; (FeS) - troilite; Bo - bornite; Mt - magnetite.  

Image taken in BSE mode 

The study of the oxide melt (slag) during the melting of copper-nickel sulphide ore showed the following. The 

slag is porous due to the release of gas bubbles containing sulphur. These bubbles, as seen from micrographs 

(Figure 1), float matte drops up to 1.5 mm in diameter. Irregular-shaped intermetallic particles containing Pt, 

Fe, and Ni, no more than 5-7 µm in size (Figure 2), and found in the surface layers of slag, are associated 
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with these drops. In industrial slags in electric ore smelting furnaces, the platinum content ranges from 0.3 to 

1 g/t [4,9]. Thus, the flotation of matte drops is one of the main processes that lead to losses of valuable metals, 

including platinum, during the ore-heating melting of Cu-Ni sulphide ore on matte. 

Table 1 shows the contents of Pt and platinum group metals in the initial ore and melting products obtained 

by ICP MS. Compounds containing platinoids were not detected by scanning electron microscopy in polished 

sections, probably because of their low contents. From literature it is known that up to 95 % of palladium in ore 

is present as impurities in pentlandite (Ni, Fe)9S8 [10]. The rest of it forms its own minerals paolovite Pd2Sn, 

sobolevskite PdBi, stannopalladine Pd6Sn3 [11]. Other platinoids are found only as impurities in pyrrhotite and 

pentlandite [10]. The table shows that a significant part of the platinoids goes into slag. This contributes to their 

losses. 

Table 1 The content of precious metals in the melting products of copper-nickel sulphide ore  

Element  Ore (ppm) Matte (ppm) Slag (ppm) Metal fraction in slag (wt%) 

Pt 1.12 1.26 0.13 11.6 

Pd 2.52 5.36 1.51 59.9 

Ru 0.10 0.21 0.05 50.0 

Rh 0.92 2.08 0.07 7.6 

Ir 0.01 0.01 traces unspecified 

 

Figure 3 Stages of the passage of the bubble through the matte-slag interface: a, b -- transition of the gas 

bubble through the matte-slag interface; c - floating gas bubble with a matte drop   
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The passage of a gas bubble through the boundary of two immiscible liquids is poorly studied. During the 

passage of this boundary, the bubble can capture and float a drop of heavier liquid. Let us consider the process 

using the example of the matte-slag boundary and the conditions for the rise of a matte drop with a bubble. 

Phases close to equilibrium are shown in Figure 3. The analysis was carried out based on photos obtained 

using a Tescan Vega 3 scanning electron microscope after cooling the matte-slag melt from a temperature of 

1300 °C of sulphide Pt-containing materials. 

In order for the bubble to "tear" a matte drop from the sulphide melt and float with it in the slag, two conditions 

must be met.  

1) The drops are held on the bubbles by surface tension, which can be called the coupling force. In order 

for the drop not to separate from the bubble, the adhesion force of the matte drop to the bubble must be 

greater than its gravity.  

2) The buoyancy force applied to the bubble must be greater than the gravity of the drop. Otherwise, the 

bubble with the drop will sink. 

For the experimentally studied slag and matte, the maximum possible radius of the matte drop r held by the 

adhesive force on the surface of the gas bubble is about 4 mm.  

The ratio of the radius of the matte drop r to the radius of the gas bubble R carrying it, calculated according to 

the second condition, will be R ≥ 0.7- 0.9 r. 

The size of the bubble raising a matte drop can be even smaller than its size, which is confirmed 

experimentally. 

Matte drops in the slag are involved in the coagulation process. The larger drops already formed in the slag 

will sink under the action of gravity when it exceeds the resultant interfacial tension. To fulfill this condition, the 

radius of the matte drops must be greater than 4 mm. Such droplets reach the matte-slag boundary. To merge 

with matte, drops must overcome interfacial tension. This is done for matte droplets having a radius r greater 

than 3.8 mm. 

Thus, the conditions for the flotation of matte drops are considered. 

4. CONCLUSION 

The mineral composition of Cu-Ni matte sulphide ore, which is widely used for extracting copper, nickel and 

platinoids, has been studied. It was found that during the heating and melting of this ore in reducing 

atmospheres, iron, nickel, and copper are reduced. Platinum in matte is present in the form of intermetallides 

with Fe and Ni. The PtFe intermetallide is a dispersed needle formation with a length of 20 to 500 µm and a 

thickness of up to 10 µm. The size effect is revealed: the content of impurities in the PtFe intermetallide (Cu 

and Ni) increases with decreasing the thickness of needle formations. It was found that matte drops, together 

with the associated Pt, Fe, and Ni intermetallide particles of no more than 5-7 µm in size, were carried into the 

slag by gas bubbles using flotation. This leads to the loss of valuable components, in particular, platinum. The 

conditions for the rise of a matte drop, together with a bubble in the slag, consist in the fact that the adhesive 

force of the drop with the bubble and the buoyancy force acting on the bubble must be greater than the gravity 

of the drop. 
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Abstract  

During the production of high carbon ferromanganese, the feed undergoes different stages of reduction. Three 

main zones were assumed instead of traditional four. The influence of phases formed during pre-reduction 

have a gigantic impact on the kinetics of the quality of the final products. In the current investigation, basic 

South African manganese ores were used. Two different fluxes were tested namely alumina and silica. For the 

experiments the ore, flux and coke were mixed and milled to 75 µm for 15 minutes for better homogenization. 

Using a graphite crucible placed into a silica crucible, the crucible was placed in the hot zone of the alumina 

tube furnace which was programmed at different temperatures. To avoid the reaction between the graphite 

crucible and the manganese ore. Argon was blown into the furnace from room temperature to 600 °C then 

switched off to allow carbon only to react with the oxide ore. The furnace was kept for two hours and switched 

off until the furnace reached 600 °C then argon was blown into the furnace down to room temperature. XRD, 

XRF and SEM were used for characterization. With the use of alumina as fluxing agent the temperatures used 

were 1200, 1250 and 1300 °C whereas with silica used as fluxing the temperatures tested were 1200 and 

1350 °C. The influence of the A/S (alumina/silica) ratio on the kinetics was assessed.  

Keywords: Metallurgy, Al2O3/SiO2, kinetics, pre-reduction, South African basic manganese ores 

1. INTRODUCTION 

Kinetics in the production of high carbon ferromanganese (HCFMn) are key in the performance of the process 

and the quality of the products. Based on the reactive zones that have been identified by different researchers 

[1-4], it transpired that the reactivity of each zone needs a thorough investigation for a better process. Using 

Mamatwan manganese ore fines, the mechanism and kinetics of the carbothermic reduction was investigated 

[5]. Separate pre-reduction unit was found to be advantageous in saving energy, having stable operations and 

better control of carbon balance [6]. The effect of SiO2 addition on the reduction rate was conducted and found 

to be considerably influential on the slag formation [7]. Silicates liquid phase was depicted during carbothermic 

reduction at 1200 °C using Wessels ore [8]. Higher basicity was found to be decreasing the reduction rate [9]. 

Although a number of investigations have been conducted, due to the behaviour associated with the chemical 

composition of the raw material, it remains important to investigate the rate of reduction depending on the 

fluxes that are used to adjust the basicity. The current investigation aimed at studying the influence of 

Al2O3/SiO2 ration on the kinetics using a basic South African manganese ore, using alumina and silica as 

fluxing agent. 
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2. EXPERIMENTAL 

2.1.  Materials 

The manganese ore used in this investigation is a basic South African ore from Nchwaning. Two fluxes namely 

alumina and silica were used to decrease the basicity down to one. The fluxes were provided by the 

Department of Metallurgy, University of Johannesburg. Argon and carbon monoxide cylinders provided by 

Afrox Africa. 

2.2.   Equipment and methodology 

An alumina tube furnace with a heating rate of 7 °C/min, graphite crucible were used for the experiments. XRD 

coupled with Topaz and Rietveld, XRF, SEM-EDS were used for characterization of the feed and products. 

The ore was mixed with the stoichiometric amount of coke, the required amount of flux to adjust the basicity 

to 1. The mixture was milled together for 15 minutes to enhance homogenization of the feed. The feed was 

placed in a graphite crucible which in turn was placed in the hot zone of the furnace. Argon was blown in the 

furnace from room temperature to 600 °C and the valve was switched-off until the aimed temperature was 

reached. The sample was kept for two hours at the aimed temperature and the furnace was switched-off and 

the argon valve open as soon as the furnace temperature reached 600 °C till room temperature. The products 

were collected and analysed. 

3. RESULTS AND DISCUSSION 

The XRD results of the ore used in this investigation are presented in Table 1 below.  

Table 1 Mineralogical analysis of the manganese ore 

Mineral  (wt%) Mineral (wt%) 

Braunite 1 Mn2+Mn3+
6O8SiO4 44 Hematite Fe2O3 9.6 

Braunite 2 Ca(Mn,Fe)143SiO24 25 Barite BaSO4 1.0 

Bixbyite Mn3+
2O3 7 Calcite CaCO3 9.4 

Hausmannite 1.8 Manganite MnO(OH) 1.7 

The mineralogical results revealed that no pyrolusite, kutnohorite, jacobsite and wollastonite were present in 

the sample. The most predominant manganese minerals are braunite 1 which is the most abundant followed 

by braunite 2 while bixbyite and hausmannite are in a low amount. The iron mineral is essentially hematite. 

3.1.   Influence of temperature and alumina on the kinetics 

The temperature ranged from 1200 °C to 1300 °C. Figure 1 below depicts phases during the carbothermic 

reduction at 1200 °C (a), 1250 °C (b) and 1300 °C (c). 

In the samples from the experiment with alumina addition at 1200 °C, there is coexistence of a MnO solid 

phase with a liquid since the sample had sintered. The presence of MnO (manganosite) confirms that Mn2O3 

reduction has rapidly progressed down to MnO as discussed earlier. This confirms that the rapid reduction 

stage occurs during pre-reduction. The rapid reduction stage still does not depend on the basicity. 

The addition of alumina has slightly diluted the SiO2 fraction which favours more the formation of Mn2SiO4. 

The presence of Mn2SiO4 in the sample indicates the substitution of some of the MnO by SiO2. 

The reduction rate of FeO was found to decrease with silica addition and that silica interfered with the second 

stage of FeO reduction [10]. The reduction rate of MnO is rapid when MnO at solid state, this being due to the 
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high and constant activity of MnO. At this stage, since there is coexistence of solid and liquid MnO, the relative 

proximity of the phases to one another and reduction interface place do not remain at the same place.  
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Figure 1 XRD spectrums with alumina addition 

The addition of acidic fluxes to lower the basicity leads to high MnO in the liquid phase than the solid phase 

since the fluxes added substitute MnO. The composition of the liquid phase is temperature dependent not 

essentially on the progression of the reduction. On the other hand, the reduction of iron has progressed down 

to metallic iron.  

The microscopic results for the samples produced at 1200 °C, 1250 °C and 1300 °C with alumina addition are 

presented respectively in Figures 2 (a), (b) and (c) below. 

The SEM-EDS results confirmed all the phases that were depicted with XRD. However, the SEM revealed that 

the metallic iron nuclei alloyed with manganese.  

The coexistence of liquid and solid phase is confirmed with more liquid formed. From the Figure 2, it is 

observed that the majority of phases depicted at 1200 °C remain at 1250 °C. 
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(a) 

 

(b) 

 

(c) 

Figure 2 SEM micrographs with alumina addition  

However, it should be noted that in addition to other phases CaSiO3 (wollastonite) has formed. Manganosite 

(MnO) is still present. Metallic iron at solid-state and tephroite are present. Once again, this indicates the 

substitution of some MnO by SiO2. Fayalite has however disappeared and decomposed into silica and wustite. 

The later was reduced and iron reported to metallic iron while silica contributed toward the formation of 

wollastonite. This implies that calcium silicide is more stable than fayalite at this range of temperature. It is 
therefore crucial to note that the formation of silicate phases is predominant. It is observed that the Mn content 

increased. This implies that more Mn dissolved into the alloy.  

At 1300 °C however, the dissolution of FeO in alumina is observed through the appearance of corundum in 

the sample. Manganosite (MnO): As the previous two temperatures, MnO is still present. However, at this 

Spectrum F Mg Al Si Ca Mn Fe O Metal phases

1 7.73 0.68 0.29 59.66 10.65 20.99 Manganosite (MnO)

2 4.55 0.8 11.8 12.3 32.82 6.22 30.64 Tephroite (Mn2SiO4)

3 14.27 85.73 Metal (FeMn alloy)

4 0.24 1,70 2.02 3.16 9.86 58.23 24.79 Fayalite (Fe2SiO4)

Spectrum F Mg Al Si Ca Mn Fe O Metal phases

1 0.15 14.5 11.1 26.2 5.55 0.26 38.6 Wollastonite (CaSiO3)

2 4 0.7 0.4 73.01 21.89 Manganosite (MnO)

3 21.47 78.56 Metal (FeMn alloy)

4 3.36 0.77 0.03 15.4 19.4 26.86 0.4 33.78 Tephroite (Mn2SiO4)

Spectrum F Mg Al Si Ca Mn Fe O Metal phases

1 0.81 0.66 74.93 0.76 22.84 Manganosite (MnO)

2 1.82 0.9 15.3 3.68 27.21 21.5 34.18 Fayalite manganoan

3 42.38 57.62 Metal (FeMn alloy)

4 0.22 16.6 11.2 25.5 3.11 0.41 39.54 Corundum (Al2O3)
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temperature more manganese is expected to diffuse and dissolve into the alloy. This is supported with the 

SEM-EDS results. There is very little about manganoan formation metallurgically obtained. This is due to 

manganese oxide and iron oxide have reacted with silica to produce a double silicate of iron and manganese. 

This contributed toward reducing the rate of reduction of MnO and allowing the silicates to build barriers around 

MnO. However, the alloy composition shows an increase in manganese content. This is in line with the 

expectations since the temperature has increased and that the activity of MnO in the forming slag has 

decreased. The activity could have been higher since the formation of silicates have prevented some of the 

MnO to remain active. At this stage, it could be assumed that the progression is toward the decrease in MnO. 

This implies that the rapid reduction stage is heading to its end, lower MnO activity and the MnO have started 

dissolving into the liquid slag. The fast reduction is therefore expected to stop as the temperature increases 

from the current value. This is confirmed with the presence of fayalite manganoan which can hinder the 

reduction process. It can therefore be stated that during carbothermic reduction in the production of high 

carbon ferromanganese, the activity of MnO is dictated by stage of reduction. 

3.2.  Influence of temperature and silica on the kinetics 

As opposed to alumina addition the A/S ratio has decreased since silica has increased. This has an implication 

on the ionic structure of the slag. The XRD results on the influence of silica addition as fluxing agent at  

1200 °C and 1350 °C are presented in Figures 3 (a) and (b). 
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Figure 3 XRD spectrums with silica addition  

The addition of silica has favoured the formation of fayalite manganoan at lower temperature than when 

alumina is added since more silica is present. Tephroite is also depicted. This phase also formed when alumina 

was used as fluxing agent. However, the fraction of tephroite is less than that of rhodonite. The decrease of 

A/S ratio favours the decomposition of tephroite. Further, the presence of hausmanite in the sample is a 

confirmation of a barrier caused by the formation of rhodonite since the reduction has not led to more MnO.  

It is well known that the addition of an acidic oxide to a basic oxide lowers the melting point. It is here observed 

that, with the increase of mole fraction of silica, the liquidus temperature is lowered and the formation of MnSiO3 

(rhodonite) is favoured and is predominant than tephroite. Therefore, for basic South African manganese ore 

(Nchwaning), it is observed that rhodonite formed during prereduction. It was however important to note that 

the formation of manganese silicates phases hinder the reduction of MnO. It is therefore understood that 

manganese silicates phases are acting as barriers to the MnO reduction. Also, since the addition of silica 

promotes the formation of manganese silicates phases mainly rhodonite, it is observed that part of the initial 

manganese oxide (hausmanite) still remain unreduced. This confirms that rhodonite constitutes a barrier to 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

941 

the reduction of MnO therefore reduces the activity of MnO in the slag. It can be stated that the addition of 

silica increased the activity of silica but decreased the activity of MnO in the slag.  

The presence of rhodonite was explained by the decomposition of tephroite. At this stage, due to the formation 

of more liquid slag, the presence of manganosite and the addition of silica, MnSiO3 slowers the reduction of 

MnO because it covers MnO particles as explained earlier. As a consequence, the reactivity of MnO is 

therefore reduced [7]. The reduction of silicious Groote Eylandt studied by previous researchers, in the 

temperature range of 900 to 1400 °C, it was found that the calculated diffusion coefficient of MnO present in 

the slag around 1400 °C was smaller than the one when basic Mamatwan manganese ore [6].  

4. CONCLUSION 

Two fluxes namely alumina and silica were added to the Nchwaning ore to investigate their impact on the slag 

formation. Experiment were conducted at 1200 °C, 1250 °C, 1300 °C and 1350 °C in presence of carbon. It 

was found with the basicity kept at 1, that Al2O3/SiO2 (A/S) ratio plays a significant role on the reduction rate 

during the production of HCFMn using basic manganese ores. 

The reduction rate was higher with alumina than with silica addition. The higher the A/S ratio the higher the 

reduction rate. It was found that this was due to the formation of manganese silicate phases which form barriers 

around the MnO particles by covering their surfaces rendering MnO less reactive while decreasing the 

diffusion.  

Although the basicity was kept at 1 when the two fluxes were added, it was found that the basicity was not the 

influential factor that dictates the reduction rate, but rather the type of fluxes.  
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Abstract  

South Africa is amongst the influential producers of gold worldwide. Many results have been published on its 

ores and different parameters defined. Although the carbon-in-pulp (CIP) and carbon-in-leach (CIL) have been 

largely investigated, optimum parameters change with the chemical composition of the ore based on the 

geological origins. The ore used in the present work was silica-rich quartzite conglomerates containing a layer 

of pyrite. The optimization of the gold recovery from the ore used and the better processing route between CIP 

and CIL were investigated and adopted. Alternating variations were conducted and most suitable leaching 

parameters were identified. Mineralogical test work conducted in the present investigation led to a better 

understanding of the ore mineralogy and assisted efficiently in resolving the reasons of impeding cyanidation 

with this ore. Also, the mineralogical results were compared with the ore, which is treated conventionally and 

identification of the problematic minerals was possible. XRD, XRF and AAS were used for characterization. 

Keywords: Metallurgy, leachability, sulphide, gold concentrates 

1. INTRODUCTION 

The leachability of any ore depends on its chemical composition. It is well known that leaching a sulphide 

remains a challenge unless a pre-treatment conducted upstream. Researchers have used an oxidative 

ammoniacal solution as a pre-treatment to enhance the leaching of sulphides gold ore through the partial 

decomposition to expose the gold minerals to leaching [1]. Others have improved the leaching of a copper-

gold sulphide in ammonium thiosulphate medium by aerating the medium and adding the cupric ions [2]. It 

was attempted to replace the conventional roasting stage prior to leaching by leaching the refractory copper-

gold ore in a solution containing 0.8 M S2O32- , 0.05 M Cu2+ and 4M NH3 [3]. During the leaching of a sulphide 

silver ore ferric-EDTA (ethylenediaminetetraacetic acid) complex was used as an alternative to the cupric -

ammonia catalysed thiosulfate system [4]. To the traditional thiosulfate solutions, sodium chloride, sodium 

sulphide, sodium carbonyl cellulose (CMC), sodium carbonyl starch (CMS) and humic acid sodium salt (HA) 

have been added to improve the leaching of a refractory gold ore [5]. Eh-pH diagrams for gold leaching in a 

Co-NH3-S2O32--H2O system through thermodynamic calculations were generated [6]. For years, cyanide has 

remained the most efficient and profitable method of dissolving gold from its host rocks since the late 19th 

century. Cyanide can form highly stable dicyanoaurate ions, and the simplicity of cyanidation makes it 

favourable [7]. This work aimed at optimizing gold minerals leachability in order to decide on the best 

processing route between carbon-in-pulp and carbon-in-leach to yield higher recoveries for the silica-rich 

refractory gold ore and establish possible links between the mineralogy and its leachability.   

2. EXPERIMENTAL  

Samples from three different shafts were used namely shaft 1, 2 and Black reef. HCl and HNO3 were used to 

digest the head samples for characterization. X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF) were 
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used as complementary analytical techniques for the characterization of the head samples whereas AAS 

(Atomic Absorption Spectroscopy) was used to analyse the solutions after leaching. Hydrogen peroxide was 

used as oxidizing agent while the leaching time varied from 24 to 48 hours. Two leaching techniques CIP and 

CIL were tested.  

3. RESULTS AND DISCUSSION  

Table 1 below presents the XRD results of the head sample. 

Table 1 X-Ray fluorescence and head sample 

Elemental Analysis Shaft 1 Shaft 2 Black Reef 

Grade (g/t Au) 5.662 5.139 4.82 

Silica (wt%) 77.1 70.1 73.7 

Iron (wt%) 10.6 14.9 6.26 

Aluminum (wt%) 5.02 6.26 10.7 

Potassium (wt%) 2.71 2.80 6.42 

Sulphur (wt%) 1.57 1.50 0.84 

Magnesium (wt%) 0.39 1.26 0.26 

The XRF analysis revealed that gold and silver were not in the detection range. The high percentages of 

Aluminum and potassium identified in black reef sample indicate the presence of preg-robbing constituents. 

For better accuracy diagnostic leaching was conducted in conjunction with this and other determinative 

analytical methods to draw better conclusions of the samples constituents.  

Results of a qualitative analysis of XRD are presented in Figures 1, 2 and 3 below. 

 

Figure 1 XRD of the ore from shaft 1  

From Figures 1 and 2 the major minerals in the 2 shaft sample, it is revealed that quartz, fayalite, iron sulphide, 

hematite and the presence of alumina in different phases are the major minerals depicted. The two shafts have 

rocks of similar mineralogical composition. It is, however noticed that the most abundant minerals are iron 

sulphide and quartz. 
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Figure 2 XRD of the ore from shaft 2  

 

Figure 3 XRD of the ore from Black Reef  

The major minerals identified in the black reef sample are quartz, iron sulphide, magnetite, potassium 

aluminum silicate, kyanite, magnetite and aluminum oxide present in differing phases. 

It can be observed that although the samples used in the present investigation were from different shafts, they 

present similarities in their mineralogical composition. They are all siliciclastic and contain sulphides which 

make them difficult to leach.  

Diagnostic Leaching Results 

9.49 g of the head grade sample was subjected to leaching using different processes for better diagnostic. The 

diagnostic leach chart presented in Figure 4 shows how the gold contained in the 9.49g head grade sample 

behaved toward different dissolution processes and the corresponding wt% are reported. Of the total gold 

contained in the sample, 93.99 wt% was compliant to direct cyanidation.  Under direct cyanidation conditions, 

4.52 (wt%) of the gold was preg-robbed within the sample, including 0.22 wt% of the carbonaceous material. 

In total, 98.29wt % of the gold contained could be recoverable via carbon-in-leach processing. Of the remaining 

gold, 0.16 wt% was found to be associated with gangue components. For the shaft reef sample, the HCl 

digestion revealed that 1.0 wt% of the contained gold was associated with hydrochloric acid digestible 

minerals.  

The nitric digestion phase showed that 0.33 wt% of the gold was associated with digestible nitric minerals such 

as pyrite and arsenopyrite. However, for the Black reef sample, the HCl digestion revealed that 3.35 wt % of 

the contained gold was associated with hydrochloric acid digestible minerals. The nitric digestion phase 

showed that 2.68 wt% of the gold was associated with digestible nitric minerals. 
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Figure 4 Gold (wt%) dissolved by different dissolution processes (shaft sample)  

Table 2 Gold association for shaft reef sample 

Gold Association  
Gold 

(g/t) (wt%) 

 Shaft reef Black reef Shaft reef Black reef 

Direct Cyanidation 8.915 2.014 93.99 46.52 

Preg-Robbed CIL 0.408 1.973 4.30 45.57 

HCl digestible minerals 0.095 0.145 1.00 3.35 

HNO3 digestible minerals 0.031 0.116 0.33 2.68 

Carbonaceous materials 0.021 0.031 0.22 0.71 

Quartz 0.015 0.051 0.16 1.17 

Total 9.485 4.33 100 100 

Available Recovery via CIL   98.29 92.09 

The diagnostic leach pie chart presented in Figure 5 below shows the available recovery using CIL. The head 

grade obtained from the black reef ore was assayed at 4.33 g/t.  Only close to 47 wt% of total gold contained 

in the sample is amenable to direct cyanidation. The sample contained close to 46 wt% preg-robbing 

constituents, including carbonaceous materials. Of the remaining gold, 1.17 wt% was found to be associated 

with gangue components.    

 

Figure 5 Gold (wt%) dissolved by different dissolution processes (black reef sample) 

Leaching Results 

Figure 6 shows the results for straight carbon-in-pulp leaching at different time intervals. Results revealed that 

the recovery of gold increased with increasing time, with the exception of 48 hours, at which the recovery 
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dropped. This trend was presumably due to high presence of preg-robbing material as well as higher 

concentrations of other metals which when leached long enough possibly resorbed gold.  

All of the tests shown in Figure 6 were conducted over a 24-hour period. In all of the CIL tests that were run, 

a carbon concentration of 20 g/l was used.   

 

Figure 6 Recovery with different time intervals 

The comparison of various leaching parameters between the CIP and CIL is presented in Table 3 below. 

Table 3 Recovery with various leaching parameters using CIP and CIL 

Sample 
Cyanide 

concentration 
(ppm) 

PbNO3 (mg) H2O2 (ml) Recovery (%) 

CIP CIL CIP CIL CIP CIL CIP CIL CIP CIL 

A G 500 280 - - - - 60.27 95.43 

B H 1000 500 - - - - 71.67 95.99 

C I 280 1000 5 5 - - 65.64 96.20 

D J 280 280 10 10 - - 68.17 96.35 

E K 280 280 - - 5 - 65.63 95.10 

F L 280 280 - - 10 5 68.16 94.40 

 M - 280 - - - 10 - 96.35 

From Table 3, it can be seen with a cyanide concentration of 280 ppm and no additional leaching 

enhancements, the average recovery attained from the CIP was 66.9 % and 94.75 % for the CIL. Further, the 

increase in cyanide concentrations from 500 to 1000 ppm has led to an increase in recoveries. For CIP the 

recovery increased from 60.27 % to 71.67 % and from 95.99 % to 96.20 % for CIL. Furthermore, increasing 

cyanide concentration in both cases did not have the expected impact. However, unwanted minerals and 

elements may have played a role in cyanide consumption and got dissolved at higher concentrations of 

cyanide, creating a passivation layer on the gold surface.  

With increasing hydrogen peroxide from 5 ml to 10 ml, recoveries for the CIP and the CIL remarkably 

increased. 

The comparison between CIP and CIL results is provided in Figure 7 below. The comparison between CIP 

and CIL of the bottle roll results are shown at different variations except bottle rolls leached at cyanide 

concentrations of 500 and 1000 ppm. Every other bottle roll test was run at 280 ppm of cyanide. The addition 

of hydrogen peroxide as oxidizing agent during leaching has shown a positive effect on the minerology.   

The last tests ran with the addition of lead nitrate at 5 mg of PbNO3 and 10 mg PbNO3. With the batch that 

rolled with 5 mg of lead nitrate the results for the CIP and the CIL were 65.64 % and 94.40 % respectively. 
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With the batch that rolled with 10 mg of lead nitrate, results for the CIP and CIL were 68.17 % and 96.35 % 

respectively. A slightly higher recovery is achieved with the CIL when lead nitrate is added. This is due to the 

lead nitrate passivating the pyrite by forming a hydroxide (Pb(OH)2) layer on pyrite surface, reducing the 

dissolution of pyrite.          

 
Figure 7 Percentage Recovery obtained with CIL and CIP 

4. CONCLUSION 

Results have revealed that for the shaft reef sample, the HCl digestion showed that 1.0 % of the contained 

gold was associated with hydrochloric acid digestible minerals whereas nitric digestion phase showed that 

0.33 % of the gold was associated with digestible nitric minerals such as pyrite and arsenopyrite. However, for 

the black reef sample, the HCl digestion revealed that 3.35 % of the contained gold was associated with 

hydrochloric acid digestible minerals. The nitric digestion phase showed that 2.68 % of the gold was associated 

with digestible nitric minerals. This showed that mineralogical test work conducted in the present investigation 

led to a better understanding of the ore mineralogy. Also, the comparison of the CIL and CIP results has shown 

that CIL had a recovery of 20 % more than CIP. Therefore, it was found that for the treatment of the Black 

Reef ore CIL was best fit instead of conventional CIP.  
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Abstract  

The depletion of ores from the first sources on one hand has led to using damped materials that contain 

valuable metals to be recycled while environmental threats are being targeted and on the other hand high price 

of reductant coupled with their depletion have caused a stir in the metallurgical industry. Many slags are 

currently recycled for the recovery of valuable metals while new reductants are being tested for eventually 

replace the generic reductants. In this work, copper slag from Water-jacket furnace have been used to recover 

copper in presence of raw palm nutshells as possible replacement of generic reductants. Characterisation of 

the copper slag, the palm nutshells and products were conducted using XRD, XRF and SEM-EDS. Results 

have shown that dominants elements in the slag were Fe 33.83 wt%, Zn 6.73 wt%, Cu 1.26 wt%. Raw palm 

nutshells analyses revealed 6.39 wt% moisture, 61.56 wt% volatile matters and 4.35 wt% ash content while 

fixed carbon amounted to be 27.89 % and loss of ignition (LOI) 91.8 %. The reduction experiments were 

conducted in a horizontal tube furnace at 1300 °C under argon to create an inert environment and efficiently 

test the reducing capability of the palm nutshells. The composition of the metal produced revealed 41.84 wt% 

Cu, 26.41 wt% Co and 31.75 wt% Fe. However, it was noticed that the miscibility of the metal and the slag 

was prominent. As a first attempt, results showed very promising and further investigations are required to 

reveal optimums conditions.  

Keywords: Metallurgy, palm nutshells, reductant, slag 

1. INTRODUCTION 

The depletion of generic reductants and the environmental constraints have opened a door to searching new 

reductants that would be cost effective and environmental friendly. For years biomass have been investigated 

for possible use in metallurgy. Investigation on the use of cow manure and wood in steel production were 

conducted and found that there is still much to do to get to a better understanding on how raw biomass and 

pretreated biomass could be effective in the production of metals [1]. The potential of use of biomass in different 

areas of metallurgy was also investigated and was found that biomass presented a great future [2]. Further, 

research on the influence of biomass on metallurgical coke was conducted and led the findings the addition of 

biomass had led to a considerable decreased in the plastic properties of the coal blend [3].  A trial on the use 

of biomass in the production of pig-iron and found that replacing 20% substitution of the fossil coal with biomass 

led to saving 300 kg of CO2-equivalent per ton of pig-iron produced or an equivalent reduction of about 15 % 

of total greenhouse gas emissions [4]. A number of characterizations on biomass in order to find their suitability 

for sintering in sintering process revealed that some biomass are useful in the metallurgical industry [5]. 

Research on the utilization of biomass in iron production found that replacing fine coke with biomass was 

effective and that in sintering the quality was hampered [6]. Investigations on the use of macadamia nutshells 

as a possible replacement in the ferromanganese production revealed that there was great potential, but 

optimization parameters needed to be investigated to improve the immiscibility of the system metal/slag [7]. 
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Similar reduction tests using macadamia nutshells were conducted on tin ore [8]. It was found that the use of 

macadamia nutshells in tin reduction was promising and further investigations were recommended. Palm 

Kernel Shells (PKS) were tried in the production of ferromanganese [9]. They found that the use of PKS as a 

reductant was better than charcoal for all stoichiometric ratios that they used. The possibility of the use of PKS 

in the recovery of nickel was also investigated. Results have revealed that nickel recovery was satisfactory 

[10]. In line with the above, the current work investigated the potential of using Palm Kernel Shell from Central 

Africa as a reductant to recover copper from copper slag in correlation with their composition since elements 

present in the KPS are very influential on the final products quality and recovery.  

2. EXPERIMENTAL 

2.1. Materials  

A copper-slag from the water-jacket furnace, producing copper-matte, containing copper and other base 

metals was used for copper recovery. This slag was provided by Gecamines from the Democratic republic of 

Congo. Raw PKS samples were provided by artisanal palm oil producers from the Democratic Republic of 

Congo. Lime from the metallurgy laboratory of the University of Johannesburg. It was used as a flux to increase 

the basicity of the feed to one. 

2.2. Equipment and methodology 

Experiments were conducted using a vertical alumina tube furnace at 1400 °C with a heating rate of 7 °C/min. 

A graphite crucible was used for the experiment. A layer of raw PKS was placed at the bottom and on the side 

of the inside of the graphite crucible to limit the interference of graphite into the reduction reactions.  

The characterization was conducted using X-Ray Fluorescence (XRF), X-ray Diffraction (XRD) and Scanning 

Electron Microscope (SEM-EDS) for the slag sample whereas proximate and ultimate analysis was conducted 

on the raw PKS to determine fixed carbon and other matters present as well as the moisture. 

The stoichiometric amount with 5 % excess of raw PKS for the reduction of copper was added to the slag 

sample and milled together with the added lime for 15 minutes for better homogenization. Argon was blown 

into the furnace for the whole duration of the experiment. The sample was kept into the furnace for 1 hour after 

the furnace has reached the aimed temperature, then switched-off under argon down to room temperature, 

products were collected and analyzed. 

3. RESULTS AND DISCUSSION 

The elemental XRF results of the raw copper slag are presented in Table 1 below.  

Table 1 XRF results of the copper slag  

Element Mg Al Si Ca K Fe Co Cu Zn 

wt% 2.9 3.29 18.15 22.11 1.11 33.83 2.19 6.26 6.73 

The XRF elemental composition of the raw copper slag revealed that Fe was the most abundant element in 

the slag followed by Ca. During the matte production, silica was added to the water-jacket furnace for iron 

slagging. This implied the formation of fayalite in the slag to avoid the formation of magnetite that has a high 

melting temperature which could disturb matte production. The copper, cobalt and zinc content were also found 

high enough. This made this slag a copper-bearing material that could serve for the recovery of copper.  

Figure 1 below presents the SEM results of the slag head sample while the microscopic analysis of the SEM 

is provided in Table 2. 
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Figure 1 Microstructure of the copper slag (SEM) 

From Table 2, it can be noted that the slag is fayalitic or a silicate slag with a low basicity since silica is 

dominant as opposed to basic compounds in the sample. Results also revealed the presence of delafossite 

which is a double oxide of copper and iron. Further, the presence of olivine has been depicted. This is a proof 

of presence phases where calcium and magnesium dissolved. However, form different spectra, it is observed 

that basic oxide are low in amounts than acidic oxides. This implies that the slag is more acidic. 

Table 2 SEM results of the copper slag (wt%) 

Element   Mg Al Si Ca K Fe Co Cu Zn Pb O Phase 

Spectrum 1 3.9 3.6 21.6 4.4 0.3 33.8 2.2 6.3 1.1 3.0 39.2 Fayalite, cuprite diopside, olivine 

Spectrum 2 1.7 1.5 9.0 1.8 0.2 8.8 1.4 0.6 1.3 0.6 1.3 Fayalite, cuprite diopside, olivine 

Spectrum 3 - - 6.2 - - 2.4 - 69.3 - - 24.5 Delafossite 

Spectrum 4 4.1 3.8 22.6 4.3 0.3 17.9 2.8 - 3.8 0.7 40 Fayalite, cuprite diopside, olivine 

Spectrum 5 5.2 4.5 25.3 10.6 0.6 7.0 0.4 0.6 0.3 - 44.6 Fayalite, cuprite diopside, olivine 

Spectrum 6 - 7.1 31.0 - - - - 11.0 - - 44.4 Delafossite, diopside 

Table 3 below presents the chemical composition of the raw KPS. It is observed that only very little amount of 

zinc is present among the base metals and low amount of iron as opposed to what was found in the copper 

slag. It is observed that only very little amount of zinc is present among the base metals and low amount of 

iron as opposed to what was found in the copper slag. This does not have an influential effect on the activities 

of the two elements. However, Si and Ca might have an influence on the amount of lime to add for the 

adjustment of the basicity of the feed to one. Further, looking at the amount of PKS to be added and the ratio 

Si/Ca in the PKS, the influence of Si/Ca in the PKS does not change considerably the amount of lime to be 

added although is taken into account. Loss on ignition (LOI) was found to be 91.8 %. 

Table 3 XRF results of the raw PKS 

Element Al Ca Cl Cr Fe K Mg Na S Si Zn O LOI 

wt% 0.3 0.8 0.7 0.1 0.5 0.7 0.2 0.4 0.2 1.2 0.2 2.9 91.8 
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Uncleaned raw PKS 

 

Cleaned raw PKS 
Figure 2 Images of PKS 

The proximate analysis of the PKS is presented in Table 4 below. 

Table 4 Proximate analysis of the raw PKS 

Element Moisture Volatile matters Ash Calorific Value Sulphur 

wt% 6.30 61.56 4.25 19.57 0.13 

Fixed carbon = 100 - (moisture + Volatile matters + Ash) = 27.89 % 

The fixed carbon is considerably high for such natural carbonaceous materials as compared to raw macadamia 

nut shells. Therefore, while the PKS from Central Africa are agricultural wastes, they present a great potential 

for their use as reductant. 

Tables 5 and 6 present XRF results of the secondary slag and the produced alloy respectively. From  

Tables 5 and 6, it is found that no Zn is present. This is a confirmation that zinc evaporated and left in the off-

gas. It is important to mention that Fe, Cu have tremendously decrease implying their recovery in the alloy. It 

is however noticed that Si and Ca have increased. This is due to the change of basicity. Co is not present in 

the secondary slag showing its high recovery to the alloy. 

Table 5 XRF results of the secondary slag 

Element Mg Al Si S K Ca Fe Cu 

wt% 3.55 4.42 25.18 0.21 1.7 53.88 7.81 0.57 

Table 6 XRF results of the metal alloy  

Element Fe Co Cu 

wt% 38.01 2.3 59.4 

 
Figure 3 XRD of the alloy and secondary slag 
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Figure 4 Decomposed XRD of the alloy and secondary slag 

The XRD results of the produced alloy and the secondary slag are presented in Figures 3 and 4. For better 

depiction, the XRD of the alloy was decomposed using Origin 8.5 software where as the slag had too much 

amorphous phases and could not be easily decomposed. 

Figures 3 and 4 present the XRD results of the secondary slag and the alloy produced. It is observed that the 

alloy produced contains Cu, Fe and Co. This confirmed the results obtained with XRF. It can therefore be 

concluded that the reduction was effective. It is also important to mention that the alloy was easily separated 

from the slag. This implies that the slag properties were good enough to promote the immiscibility of the two 

phases. 

4. CONCLUSION 

Results obtained in the current investigation have revealed that raw PKS have considerable fixed carbon 

content and can be used as a reductant from the agricultural waste since it has of fixed carbon content and 

low sulphur content. This is an advantage compared to other biomass that has low carbon fixed content and 

high mass of volatiles matters. The expectation for improvement in producing high quality the PKS is high. 

Although Fe, Co was recovered, Cu was found to be 59.4 wt% in the alloy which is considerable since copper-

slag was used as copper bearing material. Noting that the slag is a secondary source, such level of recovery 

using untreated PKS, the prospect of improvement is very much promising to treat secondary sources. 

The use of raw PKS led to a slag of good fluidity and good immiscibility between the metal phase and the 

secondary slag.  

The physical properties such abrasion index and tumble index, porosity and probable shrinkage have to be 

thoroughly investigated to ensure the handling of PKS in furnaces. Further, gas emissions of raw PKS from 

Central Africa and their subsequent biochar need investigation to ensure their environmental friendliness 

compared to generic reductants and other biomass such as macadamia nutshells as previously found.  
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Abstract  

In the course of the work, a resource-saving version of the work of all basic elements was developed. The 

developed technological scheme will allow wastewater to be treated to modern maximum permissible 

concentrations (MPC) standards due to the highly efficient removal of heavy and non-ferrous metals and 

organic impurities, which can significantly reduce the cost of water supply to the enterprise. 

Keywords: Maximum permissible concentrations, wastewater, chemical plants 

1. INTRODUCTION 

As part of the implementation of the Federal Target Program “Research and Development in Priority Directions 

for the Development of the Scientific and Technological Complex of Russia for 2014-2020” implemented by 

the Ministry of Science and Higher Education, new technical solutions have been developed aimed at 

preventing the discharge of liquid industrial waste at enterprises using galvanochemical processing processes 

surface. 

The rational and efficient use of water resources is a complex task, the solution of which is carried out by 

engineering, technical and scientific workers of various specialties and industries. The relevance of its solution 

is aimed at the sustainable development of the economy, increasing the level of defense of the country and 

improving the quality of life. 

Despite significant differences in the processing technology of metal products and composite materials, all of 

them create waste during operation, which can be in a liquid, solid or gaseous state, representing a different 

degree of danger and toxicity to the environment and humans. It is known that 85 - 90 % of liquid industrial 

waste contains 95 % of hazardous components [1,2]. 

Liquid industrial wastes from industrial enterprises are represented by wastewater and spent technological 

solutions [3]. In technological processes, wastewater is polluted with various organic and inorganic substances 

[4,5]. 

Depending on the operations used, these can be solvents, dyes, surfactants and detergents, oils, lubricants, 

compositions. The most common minerals are acids, alkalis, salts: sulphates, chlorides, nitrites, phosphates, 

carbonates; heavy and non-ferrous metal ions: Cu, Sn, Pb, Bi, Cr, Ni, Cd; To obtain coatings of the required 

quality, complexing agents based on ammonia, tartaric, acetic and other organic acids, as well as other 

complex compounds, are widely used. Recently, the number of technological stages where organic 

components are used, both individually and as part of mixtures or compositions, has been significantly 

increasing [6-8]. 

Pollutants exceeding permissible limits pose a danger to both the environment and human health, being toxic 

and poisonous [3,4]. 
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2. CHEMICAL INDUSTRY ANALYSIS 

Analysis of the surfaces of industrial enterprises using galvanochemical processes for surface treatment of 

metals and plastics showed the following typical problems: 

 The existing scheme of wastewater treatment and equipment used does not always provide wastewater 

treatment from a number of components to existing modern normal maximum permissible 

concentrations (MPC); 

 As a rule, there are no systems for automatic regulation and control of purification parameters (medium 
acidity, redox potential, chemical oxygen consumption); 

 The necessary reduction in the concentration of ions of heavy and non-ferrous metals is not always 

ensured, since the water being purified has different pH values; 

 There are no effective systems for wastewater treatment from organic pollution; 

 The precipitate is not regularly removed due to residual metals (metal hydroxides), which leads to a 
decrease in its efficiency due to leaching of the precipitate and “slip” including components; 

 There are no systems for the disposal of waste technological solutions and electrolytes. 

In the course of the project implementation in Russia, the applied organic additives were classified according 

to the effect of the process of extracting the dispersed metal phase from aqueous solutions, which can be 

conditionally divided into 6 groups: 

Group 1 

 Ligands for complexation with metal ions (Cu, Ni, Zn, Cd); 

 Tartrate, EDTA, pyrophosphate; 

 Sulfonates, ethanolamine, diethanolamine, triethanolamine, organic acids, etc. 

Group 2 

 Surfactants for degreasing, pickling, during surface treatment; 

 Non-ionic surfactants: OP-7, OP-10, Syntanol, NaDDS, NaDBS. 

Group 3 

 Corrosion inhibitors during surface treatment. Cu, Al, steel; 

 Benzotriazole, cationic surfactants. 

Group 4 

 Washes to remove polymer compositions, varnishes, stains; 

 Solvents: alcohols, acetone, dimethylformamide, diethanolamine. 

Group 5 

 Etching solutions (Cu, Sn, Sn-Pb, Al); 

 Acids: inorganic, organic; 

 Organic ligands; 

 Corrosion inhibitors. 

Group 6 

 Additives for leveling during the deposition of metals (Cu, Ni, Zn); 

 Alcohols, surfactants, aldehydes, ketones. 

As experience shows, modern high-tech science-intensive production includes not only galvanic shops, but 

also mechanical and assembly shops, assembly materials and assembly products from them, lines and 
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workshops for the production of printed circuit boards of electronic equipment. where paint coatings are 

applied, which are often used for cleaning together, as shown schematically in Figure 1. 

 

Figure 1 Sources of wastewater 

3. CHEMICAL WASTEWATER TREATMENT OFFERS 

At the same time, the constantly tightening legal requirements for the discharge of wastewater into a 

centralized sewage system contribute to the creation of drainless water supply systems for industrial 

enterprises. To solve this problem, we propose a combined scheme for the utilization of liquid industrial waste, 

consisting of a treatment unit to MPC (preliminary treatment) and a closed water circulation unit (desalination 

and disposal of concentrates). The circuit diagram is presented in Figure 2. 

Averager Reactor Electroflotator Mechanical filter Sorption filter

Filter press Flotation sludge

Micro ultrafiltration 

unit
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reverse osmosis
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thermal evaporation
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process
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Source 
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Figure 2 Proposed combined liquid industrial (technogenic) waste disposal scheme 
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The composition of the purification unit before MPC (pre-treatment) includes: averager, reactor, electroflotator, 

a complex of bulk mechanical filters, a complex of sorption filters, a filter press for sludge dewatering. 

The composition of the closed water circulation unit (desalination and disposal of concentrates) includes: 

ultrafiltration unit, reverse osmosis unit, module for thermal evaporation of electrolyte. An experimental sample 

is located at one of the engineering enterprises in the city of Moscow. 

4. CONCLUSION 

When implementing the above approach, the discharge of mineralized wastewater is eliminated, and up to 

95 % of wastewater treated to the level of GOST 9.314 (1 cat.) It is returned to the process, which can 

significantly reduce the cost of water supply to the enterprise. In the course of the work, a resource-saving 

version of the work of all basic elements was developed. 

The developed technological scheme will make it possible to treat waste water to modern MPC standards due 

to the highly efficient removal of heavy and non-ferrous metals and organic impurities. 
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Abstract  

In the current study the effects of conventional aging and stress aging on the microstructure and mechanical 

behavior of warm rolled AZ31 magnesium alloy were investigated. Tensile experiments revealed that the 

ultimate tensile strength (UTS) of the as-received AZ31 increased up to 300 MPa after 24 h aging at 120 °C, 

with a 2 % reduction in ductility. Moreover, yield strength of the rolled and stress aged sample at 120 °C under 

an external stress of 50 MPa and only for 1 h was improved to 240 MPa. Microstructural observations 

demonstrate that the grain growth firstly reduced the strength of rolled condition while improving the strain at 

failure. This was followed by the nucleation of recrystallized grains, enhancing the UTS with acceptable 

ductility. In addition, fracture surface analysis of stress aged samples demonstrated nucleation-controlled 

fracture mechanisms with deeper void structures as a ductile characteristic. 

Keywords: Magnesium, thermo-mechanical, rolling, aging, microstructural evolution, mechanical behavior 

1. INTRODUCTION 

Magnesium is one of the most plentiful elements on the planet and the third most abundant element dissolved 

in seawater, with an estimated concentration of 0.14 % [1,2]. Recently, magnesium alloys especially AZ series, 

are evaluated to be suitable nominates for structural components serving as an alternative for heavier 

aluminum and steel [3-5]. These alloys represent noteworthy properties such as low density, high corrosion 

resistance, high strength as well as appropriate machinability, weldability, and castability, etc. [6,7]. 

Nevertheless, low formability of magnesium alloys restricts processing such as rolling, extrusion, and metal 

forming, so it limits their applications in industry [8,9]. The major reason of the low ductility is the insufficient 

slip systems in the hexagonal close-packed (HCP) crystal structure [10,11]. 

Many works have been performed for the advancement of thermo-mechanical treatments for developing the 

mechanical behavior of magnesium alloys to eliminate the formability limitation and spread the range of their 

applications in various engineering structures [12,13]. Warm rolling is one of the most common approaches 

for improving the strength of AZ series of magnesium alloys. For instance, Jeong et al. [14] observed a 

significant grain refinement of AZ31 after 50 % warm rolling at 200 °C, producing a fine grain structure of 

around 7 μm. Besides, they investigate the effect of warm rolling on the texture of AZ31 in detail. Aging is 

another technique for mechanical property improvement, taking advantage of precipitation-induced 

strengthening. The influence of various post heat treatments on the cyclic mechanical behavior of AZ series 

was investigated [15]. Mg17Al12 precipitates were commonly detected after the application of T5 and T6 heat 

treatments. Still, it has to be noted that age-hardening of magnesium alloys is not as effective as that for 

aluminum alloys due to the lower volume fraction of precipitates.  

In spite of the previous studies on the thermo-mechanical processing of AZ31, there is a lack of know-how 

concerning the influence of external stress during heat treatment on the mechanical response. This work 
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investigates in a comparative manner, the influence of warm rolling followed by conventional aging and stress 

aging on the mechanical behavior of AZ31 magnesium alloy, discussing the relations among the microstructure 

evolution, tensile behavior, and fracture surface analysis. 

2. EXPERIMENTAL PROCEDURE 

4 mm thick AZ31 slabs 3.32Al-2.4Zn-0.84Mn-Mg bal. (wt%) were utilized for the warm rolling process. As-

received (AR) material with the annealed condition was homogenized at 400 °C for 3 h. A systematic warm 

rolling process was applied to reduce the thickness of plates, 75 % of initial thickness. The unidirectional rolling 

process was done at 300 °C with the thickness reduction rate of 5 % per pass. The aging process was carried 

out inside a vacuum furnace to prevent oxidation. Furthermore, a custom stress aging apparatus was designed 

and manufactured to apply 50 MPa external stress on the samples throughout the aging process.  

The tensile specimens were electro-discharged along the rolling direction. The samples of each condition after 

metallographic preparation etched by immersing in a solution of 5 gr picric acid, 10 ml acetic acid, 70 ml ethanol 

and 10 ml distilled water. Dog-bone-shaped tensile specimens (gage length 15 mm) were used for tensile tests 

taking place at room temperature and at a strain rate of 0.001 s-1 by a servo-hydraulic Instron mechanical test 

frame. Finally, secondary electron micrographs were obtained inside a ZEISS scanning electron microscope 

(SEM) for studying the fracture mechanisms of samples following tensile loading. 

3. RESULTS AND DISCUSSION 

3.1. Tensile tests 

Figure 1 illustrates the tensile test results of AZ31 after various thermo-mechanical processing. Despite the 

low YS of the AR condition (166 MPa) due to the grain growth during annealing homogenization treatments, 

the ultimate tensile strength (UTS) reached to 250 MPa. Also, the failure strain of AR condition was restricted 

to 9% due to the inadequate slip modes. As shown in Figure 1a, UTS of AR sample elevated to 291 MPa after 

rolling. Additional aging treatments were applied on the rolled slabs to improve the strength and ductility.  

 

Figure 1 Tensile test results of AZ31 for different conditions of (a) AR, rolled, and conventional aged 

samples; (b) stress aged samples 

The stress-strain curves revealed that after 24 h aging at 120 °C the YS of the sample decreased while the 

UTS and the ductility improved, in comparison with the rolled specimen. Also, after aging at 120 °C for 48 h 

the ductility raised up to 13% with a notable loss in YS and an almost equal UTS. Comparable performance 

was observed for the samples, aged at 180 °C for 24 h and 48 h. The reduction of YS was more significant in 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

960 

comparison to the samples aged at 120 °C (about 60 MPa lower than rolled sample for both 24 h and 48 h) 

due to the higher propensity for grain growth at 180 °C. On the other hand, Figure 1b demonstrates the tensile 

behavior of stress aged samples. Comparison of stress-strain curves of the stress aged samples with the 

conventional aged ones exposed that the strain hardening ability of rolled sample after stress aging was not 

recovered for both conditions. Moreover, after 6 h stress aging at both temperatures of 120 °C and  

180 °C, the strength was not enhanced further due to the growth of the recrystallized grains. 

3.2. Microstructural observation of conventional aged samples 

Figures 2 and 3 exhibit the microstructure of AR, rolled, and rolled plus conventional aged at 120 ˚C and  

180 ˚C, respectively. The average grain size of the AR sample was approximately 44 µm, while the grain size 

significantly decreased after 75 % rolling at 300 ˚C and refined down to about 8 µm (Figure 1b). This level of 

grain refinement is attributed to high strain imposed during plastic deformation up to 75% rolling reduction. 

 

Figure 2 OM of AZ31 for (a) AS and (b) 75% warm rolled conditions. 

 

Figure 3 OM of AZ31 after 75% warm rolling and conventional aging at (a) 120 °C for 12 h, (b) 120 °C for 24 

h, (c) 120 °C for 48 h, (d) 180 °C for 12 h, (e) 180 °C for 24 h, (f) 180 °C for 48 h 

The microstructure of conventional aged samples revealed grain growth after 12 h aging at 120 °C. Nucleation 

of recrystallized grains took place after 24 h aging resulting in restored strain hardening capability as exhibited 

by the tangent modulus of the stress-strain response. This is followed by the growth of recrystallized grains 

leading to decreased strength for longer durations of aging (Figures 3a, b and c). Moreover, Figures 3d, e 

and f show a similar trend for the samples after aging at 180 °C. However, the fraction of recrystallized grains 

for the sample conventionally aged at 180 °C for 48 h was higher than that of the sample aged at 120 °C which 

elevated the ductility of the former slightly. 

50 μm 50 μm 

50 μm 50 μm 50 μm 

50 μm 50 μm 50 μm 
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3.3. Microstructural observation of stress aged samples 

The microstructure evolution of AZ31 for the different conditions of rolled plus stress aging is depicted in  

Figure 4. Nucleation of recrystallized grains took place after a relatively short period of 1 h which was 

considerably faster than the kinetics of conventional aging due to the positive influence of stress aging on the 

precipitation hardening of AZ31 [16]. The precipitation hardening for magnesium alloys arises from an aging 

treatment for a supersaturated solid solution at a temperature range of 100-300 °C [17]. The effect of Orowan 

strengthening due to nanoscale precipitation of β-Mg17Al12 phases on the tensile behavior of the AZ series 

magnesium alloys was investigated previously [17,18]. Furthermore, the presence of precipitates provides an 

opportunity to accelerate the nucleation of recystallized grains due to particle-stimulated nucleation (PSN). 

The yield strength of stress aged sample at 120 °C for 1 h remained at about 240 MPa as attributed to the 

pinning effect of precipitates that prevents the growth of recrystallized grains [19,20]. As shown in Figure 4a, 

for the samples stress aged at 180 °C, due to the rapid grain growth after 1 h, the yield strength of the samples 

decreased to 200 MPa. 

 

Figure 4 Microstructure of AZ31 after 75% warm rolling and stress aging under 50 MPa at (a) 120 °C for 1 h, 

(b) 120 °C for 3 h, (c) 120 °C for 12 h, (d) 180 °C for 1 h, (e) 180 °C for 3 h, (f) 180 °C for 12 h 

3.4. Fracture morphology  

The tensile fracture surface of AZ31 magnesium alloy for different conditions is shown in Figure 5. The surface 

is characterized by cleavage facets and steps represent a relatively brittle fracture mechanism for all conditions 

[21]. The fracture surface of the AR sample with a high density of tear ridges and remarkable small dimples 

depicts a completely different fracture behavior with the rolled conditions (Figure 5a). On the other hand, 

Figure 5b demonstrates mixed fracture modes of the stress aged sample, consisting of intergranular fracture 

of small recrystallized grains and fast fracture of coarse grains formed due to aging induced grain growth.  

Also, increasing the duration of aging treatment at 120 °C, from 24 h to 48 h, increased the density of tears on 

the fracture surface (Figures 5c, d). This can be attributed to the noticeable intensification of recrystallization 

with higher aging durations. A similar trend was observed for the samples aged at 180 °C with a difference in 

the size of the dimples which are larger than those on the fracture surface of the samples aged at 120 °C as 

related to the grain growth of the former (Figures 5e and f). However as shown in Figure 5f, the fast fracture 

occurring on the cleavage facets prevented the development of dimples on the fracture surface and 

consequently abrupt failure took place for the sample aged at 180 °C for 48 h. 

50 μm 50 μm 50 μm 

50 μm 50 μm 50 μm 
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Figure 5 Fracture surface of the AZ31 magnesium alloy for different conditions of (a) AR; (b) 75% rolled then 

stress aged under 50 MPa at 120 °C for 1 h; 75% rolled then conventional aged at (c) 120 °C for 24 h; (d) 

120 °C for 48 h; (e) 180 °C for 24 h; (f) 180 °C for 48 h 

4. CONCLUSION 

In the current study, different thermo-mechanical processing conditions were applied on the AZ31 magnesium 

alloy. The results of tensile experiments demonstrated the UTS level of 300 MPa for the sample aged at  

120 °C for 24 h after 75 % rolling. Besides, 48 h aged sample at 120 °C improved the strain at failure after 

rolling up to 13 % because of the nucleation of recrystallized grains and consequent grain growth. 

On the other hand, stress aging improved the YS of the AR samples up to 240 MPa without significant negative 

effect on the strain to failure for the samples stress aged at 120 °C 1 h under 50 MPa. This strength 

improvement was linked to the acceleration of precipitation hardening through the stress aging treatment and 

consequently particle-stimulated nucleation. In addition, fracture morphology of rolled samples depicts a brittle 
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fracture surface with cleavage facets, while a mixture of failure mechanisms encompassing intergranular 

fracture of small recrystallized grains and fast fracture of coarse grains was observed for the stress aged 

samples. In addition, a relatively high fraction of tear ridges was observed on the fracture surface of 

conventional aged samples after 48 h, where fast fracture of coarse grains prevented the formation of dimples. 
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Abstract 

The focusing of new technologies on the formation of inhomogeneous distributions of heavy rare-earth metals 

(REMs) in hard magnetic Nd-Fe-B materials is of scientific importance for increasing their functional properties, 

along with preserving existing sources of heavy REMs. The manufacturing process for these materials includes 

strip-casting, hydrogen decrepitation, and treatments in a hydrogen atmosphere, as well as high-energy milling 

combined with mechanical alloying of multicomponent powder mixtures. The role of alloying REMs and their 

alloys with transition metals on the formation of phase composition, microstructure, fine structure of grains, 

and the hysteretic properties of hard magnetic (RR')2Fe14B-based materials were investigated. These addition 

were introduced in the form of hydrides or hydrogenated alloys (TbHx, DyHx, ScHx, Tb3(Co,Cu), Dy3(Co,Cu)) 

to initial Nd(Pr)-Fe-B-based powder mixtures in the course of their mechanical activation. The new knowledge 

about the formation of the structured state of (RR')2Fe14B-phase grains, namely, the formation of compositional 

inhomogeneities of heavy REMs within grains was obtained. The core-shell grain structure so formed and the 

nonuniformity of the main hard magnetic phase lead to increases in the structure-sensitive magnetic 

parameters and to their higher stability during low-temperature annealing. The powder-blending manufacturing 

process allows us to prepare magnets with a wide range of hysteretic characteristics using unified initial Nd-

Fe-B strip-casting alloys. 

Keywords: Nd-Fe-B magnets, hydride, microstructure, REM distribution, magnetic properties. 

1. INTRODUCTION 

Sintered Nd2Fe14В-based permanent magnets are widely used in technological applications because of their 

high maximum energy product (BH)max, remanence Br, induction coercive force bHc, and magnetization 

coercive force jHc. To increase jHc, which determines the time-temperature stability of sintered magnets, the 

Nd14-15FebalВ6-8 (at%) base composition is traditionally alloyed with Dy and Tb (to increase the anisotropy field 

Ha, which rises with increasing heavy rare-earth metal (REM) fraction; in this case, the remanence decreases 

as the coercivity increases), Ti, V, and Nb (to prevent grain growth during sintering), and Al, Ga, and Cu (to 

modify the structure of the grain-boundary phases) using the following technological processes: strip-casting, 

hydrogen decrepitation, mechanical alloying, diffusion saturation of the magnet surface with REMs (Dy, Tb) 

and subsequent heat treatment at 1075-1175 K, and multi-stage heat treatments at temperatures of 750-1275 

K [1-4]. 
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Scarce resources of heavy REMs determine the search for options to reduce the usage of these metals. The 

alloying of Nd-Fe-B main compositions with REMs added in the form of hydrides was realized in References 5-

8. These studies showed the efficiency of application of Nd, Pr, and Dy hydrides in powder mixtures for 

manufacturing permanent magnets.  

The focusing of new technologies on the realization of the inhomogeneous distribution of heavy REMs in hard 

magnetic Nd-Fe-B materials is of scientific importance for increasing their functional properties, along with 

preserving existing sources of heavy REMs [1-6]. The approach used by us, namely, the alloying of powder 

mixtures with REM hydrides and hydrogenated REM-(M) (REM = Dy, Tb, and M = Cu, Co) compositions, 

allows us to form a structured state of the main hard magnetic phase at the expense of the intra-grain 

heterogeneous distribution of light and heavy REMs. This approach is original and has been shown to be valid 

[6-8]. The milling of blended powder compositions (the base Nd-Fe-B alloy and different REM-(M)-H additions) 

and subsequent sintering allow the grain-boundary diffusion of heavy REMs and grain structuring to be realized 

and the materials with a pre-set combination of hysteretic properties required for different applications to be 

prepared. 

The present study is focused on the effect REM-based powders (TbHx, DyHx, ScHx, Tb3Co0.6Cu0.4, 

Dy3Co0.6Cu0.4) added to Nd-Fe-B-based powder mixtures on the formation of the phase composition, 

microstructure, fine structure of grains, and hysteretic properties of hard magnetic (RR')2Fe14B-based 

materials. 

2. EXPERIMENTAL 

The base Nd-24.0, Pr-6.5, Dy-0.5, B-1.0, Al-0.2, Fe-balance alloy (wt%) was prepared by the strip-casting 

technique and subjected to hydrogen decrepitation during heating to 270 °C in a hydrogen flow at a pressure 

of 0.1 MPa and to subsequent holding at this temperature for 1 h. 

Terbium, dysprosium, and scandium hydrides (RH2-3) were obtained by direct reaction of gaseous hydrogen 

with Tb, Dy, or Sc metal of 99.9% purity using a glass Sieverts-type apparatus. The hydrogenation was carried 

out at 500-700 °C using pure hydrogen at a pressure of up to 0.1 MPa. Once synthesized, the samples were 

homogenized for 72 h at 350 °C. 

The Dy3(Co1-xCux) and Tb3(Co1-xCux) alloys with x = 0.4 were prepared by arc melting of the starting 

components (distilled Dy and Tb of 99.9% purity, electrolytic Co of 99.5% purity), and oxygen-free Cu in an 

argon atmosphere using a water-cold copper bottom and a nonconsumable tungsten electrode. The ingots 

subjected to homogenizing annealing at 600 °С for 90 h were found to be multiphase and contained Dy(or 

Tb)3(Co,Cu) (base phase) and Dy(or Tb)(Cu,Co) and Dy(or Tb)12(Co,Cu)7 compounds. The ingots were 

subjected to hydrogenation in accordance with the aforementioned regimes. Following hydrogenation, the 

presence of REM hydrides and a fine Co+Cu mixture was demonstrated [9]. 

The hydrogen-decrepitated strip-cast alloy and REM hydrides or hydrogenated compounds (1-4 wt%) were 

mixed and subjected to fine milling for 40 min using a vibratory mill and an isopropyl alcohol medium until an 

average particle size of 3 μm was reached. Following wet compaction of the pulp in a transverse magnetic 

field of 1500 kA/m, blanks of magnets were sintered at 1080 °C for 2 h. The magnets were further subjected 

to the optimal heat treatment (500 °C for 2 h) and the low-temperature heat treatment: 20 °C → (40 min) → 

500 °C (20 min) → (6 h) → 400 °C (10 h). 

A QUANTA 450 FEG high-resolution field emission gun scanning electron microscope (SEM, FEI Company, 

USA) equipped with an energy-dispersive spectroscopy (EDS, EDAX, USA) microprobe was used to 

investigate the structure, chemical composition, and distribution of magnet components (X-ray mapping). The 

hydrogen and oxygen contents were controlled using an ONH - 2000 analyzer (ELTRA, Germany). The 

magnetic properties of the permanent magnet were measured at room temperature (RT) using an automatic 

hysteresisgraph. Auger electron spectroscopy (AES) was performed using a JAMP 9500F spectrometer 
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(JEOL, Japan) equipped with an INCA PentaFETx3 energy-dispersive analyzer (Oxford Instruments, United 

Kingdom) and a µIFG iMOXS microfocused X-ray tube (Institute for Scientific Instruments, Germany). 

The total oxygen content in all samples was below 5000 ppm. The low hydrogen content of ~3 ppm indicates 

the complete decomposition of hydride-containing compounds and removal of hydrogen during sintering. 

3. EXPERIMENTAL 

3.1. Investigation of alloying element distribution 

Experiments with hydrides and hydrogenated compounds, which were added at the milling stage, were 

performed in order to realize the optimal microstructure, heterogeneous distribution of heavy REMs within a 

grain, and economically alloyed composition of magnets, which assume, in particular, the accumulation of 

heavy REMs (Dy, Tb) within grains at the near-boundary areas. Such a heavy-REM distribution allows us to: 

(1) increase locally the coercive force and decrease the probability of formation of reverse domains at grain 

boundaries; (2) limit the substitution of heavy REMs for Nd in the matrix phase and, thus, to decrease the 

probability of lowering the magnetization and remanence; and (3) decrease the quantity of heavy REMs 

required to achieve the given increase in the coercive force. The mechanism of formation of the high-coercivity 

state in Nd2Fe14B-based materials is well known and is due to the nucleation of reverse domains in 

magnetically isolated small grains. The coercivity can appear also when introducing pinning centres against 

the magnetic domain wall motion. The pinning force appears when there is a large local change in the 

magnetocrystalline anisotropy constant in a narrow region, and the probability of this mechanism occurring in 

Nd-Fe-B magnets is considered [10]. For this reason, we have studied in detail the distribution of heavy REMs 

in magnets prepared with powder mixtures containing REM hydrides and hydrogenated Dy(Tb)-Co-Cu 

compositions. 

Precise studies of the structures of magnets prepared with heavy REM hydrides showed the existence of 

specific distributions of the heavy REMs within grains. The presence of reactive Dy(Tb) powder (coming from 

Dy(Tb)H2 thermally destroyed during sintering) determines the diffusion of Dy(Tb) atoms to the 2-14-1 phase 

lattice, the atomic radii of which are lower than that of Nd atoms. This is accompanied by ousting of Nd atoms 

to the peripheral areas of grains. Since the diffusion coefficient of Nd atoms is lower than that of Tb/(Dy) atoms 

[11], the diffusion of Dy(Tb) is more substantial. Such unequal diffusion flows of atoms lead to inhomogeneous 

Dy(Tb) and Nd(Pr) distributions over the 2-14-1-phase grains. 

The Tb distribution was investigated by Auger electron spectroscopy. Figure 1 shows (a) SEM image 

(secondary electron image (SEI)) of the surface of the Nd-Fe-B magnet with 4 wt% TbH2 and (b, c) the Tb 

distribution. As can be seen, the enrichment of Nd2Fe14B-phase grain boundaries in Tb is observed (shown by 

arrows in Figure 1b). Moreover, the existence of some “substructure” in the Tb distribution can be noted 

(Figure 1c): the Tb-enriched and Tb-depleted areas are shown by the geometric figures. It is likely that such 

a Tb distribution formed during sintering is the result of the preparation process realized with hydride-containing 

powder. The size of the “subgrains” is ~1-1.5 μm (shown by the rhombus in Figure 1c); the size of 

inhomogeneities within the “subgrains” is 30-150 nm (shown by the circle and oval). An analogous “composite” 

structure in Nd-Dy-Tb-Fe-B magnets was simulated by Kawasaki, et al. [12] and the efficiency of such a 

composite structure was proved. 

A Tb-rich shell and an inhomogeneous Tb distribution within the large grains (structuring of 2-14-1 phase) were 

found. The latter finding, namely, the concentration inhomogeneity, can be considered as resulting in the 

creation of pinning centers of domains walls and, therefore, the hardening of the magnetic phase. In most 

studies, the mechanism by which the coercive force increases is considered from the viewpoint of grain-

boundary phases and the so-called core-shell structure. We, however, also consider the problem from the 

viewpoint of the structuring of the main magnetic phase. 
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The distribution of REMs, Co, and Cu in the 2-14-1 grains and in the intergranular Nd-rich phases in the 

sintered magnets prepared from the powder mixtures with 2 wt% Dy3(Co,Cu) (or Tb3(Co,Cu)) addition was 

also studied using X-ray mapping (Figure 2). The heterogeneous Dy or Tb distribution within the 2-14-1 grains 

can be observed. The depletion of triple junctions in Co and their enrichment in Cu in the case of 

Dy(Tb)3(Cu,Cu) additions should be noted. 

   

Figure 1 a) Microstructure of Nd-Fe-B magnet prepared with 4 wt% TbH2 (SEI) and b, c) Tb distribution 

(AES, areas agree with red square and black square respectively) 

  

  

Figure 2 X-ray elemental mapping of Co, Cu, and Dy in 2-14-1 grains and in the intergranular phases of the 

Nd-Fe-B sintered magnet prepared from the powder mixture with 2 wt% of hydrogenated Dy3(Co0.6Cu0.4) 

addition 

The other components of the Tb(or Dy)3Co0.6Cu0.4Hx composition, i.e., Cu and Co, are also useful additions for 

Nd-Fe-B-based magnets. The role of Cu in the grain-boundary restructuring of Nd-Fe-B sintered magnets was 
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considered in References 13-14. According to the data, Cu improved the wettability of the Nd2Fe14B grains by 

forming an intergranular phase. The positive effect of Co on the coercivity of Nd-Fe-B magnets was reported 

in References [15-17]. 

The effect of scandium hydride on the structural state of sintered magnets differs from that of terbium and 

dysprosium hydrides. Scandium can act as a component, which restricts the Nd2Fe14B-phase grain growth by 

analogy with Ti, Nb, Mo, and V. 

Scandium was found preferentially within intergranular phases (black particles in Figure 3), because Sc does 

not diffuse into 2-14-1 grains despite its smaller atomic radius [18]. It is evident that the Sc-based phases are 

characterized by an increased boron content, corresponding to the assumption that Sc reacts with B during 

sintering (Figure 3). Also, we have demonstrated that the presence of Sc coming from ScH~2 restricts grain 

growth. 

  

  

Figure 3 X-ray mapping of Sc and B in Nd-Fe-B sintered magnet prepared from the powder mixture with 1 

wt% ScHx addition 

3.2. Investigation of alloying element distribution 

Table 1 shows the magnetic properties of sintered magnets prepared with hydride or hydrogenated 

compounds. According to the data, alloying with 2 and 4 wt% TbH2 leads to an increase in the coercive force 

to 1520 and 1900 kA/m, i.e., by 52 % and 90 %, respectively. Simultaneously, the magnitudes of Br and (BH)max 

decrease to 1.30 T (~4.4 %) and 328 kJ/m3 (8 %), respectively, for 2 wt% TbH2 addition and to 1.22 T (10 %) 

and 286 kJ/m3 (20 %), respectively, for 4 wt% TbH2 addition. 

The data on the hysteretic characteristics of the magnets indicate that the value of jHc is disproportionately 

high with respect to the added Tb content. This fact is explained by the existence of the well-known structure 

of the main magnetic-phase grains, namely, the Tb-enriched shell and the Tb-depleted core of the grains. 

Moreover, the presence of submicron-sized inhomogeneities, namely, “areas” enriched in Tb (depleted of Nd 
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(Pr)), which were found within the 2-14-1 magnetic-phase grains, is likely can be involved in the explanation 

of this phenomenon. 

Table 1 Magnetic characteristics of Nd-Fe-B magnets prepared with hydride or hydrogenated compounds;  

              Br - remanence of magnetic flux density; jHc - coercivity of magnetic polarization; Hk - parameter  

              adopted as a criterion of coercivity (i.e., the magnetic field determined at 0.9 × Br; (BH)max -  

              maximum energy product). 

Addition/annealing conditions 
Br jHc Hk (BH)max 

(Т) (kА/m) (kА/m) (kJ/m3) 

2 wt% DyHx/optimal HT 1.29 1309 1262 322 

2 wt% TbHx/optimal HT 1.30 1520 1440 328 

4 wt% TbHx/optimal HT 1.22 1900 1760 286 

2 wt% Dy3Co0.6Cu0.4Hx/optimal HT 1.34 1120 968 336 

2 wt% Tb3Co0.6Cu0.4Hx/optimal HT 1.35 1336 1200 360 

2 wt% Tb3Co0.6Cu0.4Hx/optimal + low-temperature HT 1.35 1480 1330 360 

Studies of the stability of structure-sensitive parameters of sintered magnets, namely, the coercive force jHc, 

to low-temperature heat treatments (annealing at temperatures below the optimal heat treatment temperature 

(500 C)) show an increase in the coercive force (Table 1) in the case of the application of hydrogenated 

Tb3Co0.6Cu0.4. This fact is not typical of sintered Nd-Fe-B magnets, which usually demonstrate a drop (or 

constancy) of the coercive force after low-temperature heat treatments at 350-450 °C [6-8]. The constancy of 

the coercive force during low-temperature annealing was previously observed with DyH2 addition to the powder 

mixture [10]. This was explained by the Invar effect, which is due to changes in crystal lattice rigidity owing to 

structuring of the 2-14-1 phase alloyed with Dy via grain-boundary diffusion (GBD). Thus, in the case of alloying 

the 2-14-1 phase with heavy REMs by GBD using Tb3Co0.6Cu0.4Hx, no decrease in jHc or Hk occurred, whereas 

the increase in these parameters can be related to the effect of Cu in the intergranular REM-rich phase and 

also to Co [17]. 

4. CONCLUSIONS 

In summary, our studies of Nd-Fe-B magnets prepared from strip-cast alloys show that Tb (Dy) alloying (REM 

hydride or hydrogenated compounds added to powder mixture) is expected to result in the formation of the 

core-shell structure of 2-14-1 phase grains and a specific distribution of rare-earth components, which allows 

us to assume the realization of domain wall pinning, along with the suppression of the nucleation of reverse 

domains. The efficient enhancement of the coercivity of Nd-Fe-B magnets, with a slight sacrifice of remanence, 

was also demonstrated. 

The positive effect of REM hydride additions to the powder mixture allows the possibility of introducing various 

components to the permanent magnets (heavy REMs, elements structuring grain boundaries and restricting 

the magnet grain growth) at the preparation stage rather than at the alloy-melting stage. This allows the 

possibility of using a unified initial alloy for the manufacture of magnets with high-coercive or high-performance 

characteristics. 
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Abstract 

The study relates to the processing of zinc-containing wastes of metallurgical production using products of 

joint pyrolysis of polyethylene wastes and wood pods. The process is carried out in two stages: preparation of 

polyethylene waste for the operation and then the recovery process. Zinc-containing wastes are thickened, 

dehydrated to a moisture content of not more than 10 - 13 %, mixed with a reducing agent. Dehydrated Zinc-

containing wastes (cake or sludge) are mixed with synthetic reducing agents in a mass ratio cake - artificial 

reducing agent from 8.8: 2.2 to 8.2: 2.8, respectively, and pelletized. They carry out reductive heat treatment 

of pelletized waste in the presence of a reliable carbon-containing reducing agent in the amount of 20 - 40 % 

by weight of the processed waste and the resulting products of the combined pyrolysis of polyethylene waste 

and wood pods with counter current air blasting in a rotary kiln, distillation of zinc and trapping of sublimates 

to produce zinc oxides. Moreover, before igniting a reliable, reducing agent and pyrolysis products of 

polyethylene wastes (synthetic reducing agent), gaseous fuel is burned in the working volume of the furnace. 

This study will increase the intensity of the processes of sublimation of zinc and reduction of iron, increase the 

degree of utilization of polymer waste. 

Keywords: Polyethylene waste, metallurgical waste, pyrolysis, recycling, Waelz kiln 

1. INTRODUCTION 

In almost all countries of the world, municipal solid waste per capita increases by one percent annually. This, 

in turn, harms global environmental sustainability. According to experts, more than 800 types of waste are 

currently registered, and emission standards may increase in the future. The primary source of environmental 

pollution is waste generated from materials used in energy, non-ferrous and ferrous metallurgy, chemical and 

construction industries. Ignoring them can lead to unexpected changes in natural resources and nature. This 

is because even natural products can be absorbed and absorbed into the soil. For example, the paper will rot 

only three months after it is discarded. The complete separation of plastic and plastic bags into biological 

components takes 400-450 years, and glass can completely disappear after a million years [1]. 

The burning of polyethylene waste in nature causes harm to the environment (including trees and shrubs 

growing in the garden) and the health of all living organisms (Figure 1).  

In Uzbekistan, the amount of generated waste per person per day is 0.6 - 0.8 kg, and from the entire population 

of 18 - 20 thousand tons. 

In the regions, according to the morphological composition of waste in 2018, 565.6 thousand tons of polymer 

and polyethylene (7.91 %), 98.6 thousand tons of metal (ferrous and non-ferrous metals, 1.38 %), 923.2 
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thousand were generated tons of crop (12.91 %), 163.7 thousand tons of leather, rubber, bone (2.29 %), 101.5 

thousand tons of wood (1.42 %), 2.3 million tons of other waste forks ( 31.83 %). 

 

Figure 1 Ecological pollution with the burning of polyethylene waste 

It is worth noting that 80 % of these wastes are organic substances, and their processing can produce a large 

amount of energy. Including these natural substances are the sources of reducing agent in the production of 

metals. According to experts, household waste is the cheapest raw material in the world [2]. 

Including waste from mining and metallurgical enterprises brings great harm to the environment.  

One of the wastes of metallurgical production in the Almalyk zinc plant (in Uzbekistan) is clinker. It contains 

over 2.20 % copper, 2.40 % zinc, 0.01 % cadmium, 5-8 g / t gold, 250-500 g / t silver and many other valuable 

components [3]. 

A tailing dump and, especially, slag dumps attack the suburban territory, occupy thousands of hectares of 

farmland, pollute the air basin and disfigure the landscape. Assessment of damage from environmental 

pollution leads to a significant expansion of the boundaries of the economic feasibility of creating and applying 

waste-free technology. Given this circumstance, of course, the economic efficiency of combining industries 

increases and new criteria arise for the formation of production structures in industry related to environmental 

protection [4].  

The involvement of these technogenic formations using polyethylene waste will allow the plant to obtain 

thousands of tons of copper and zinc, tens of thousands of tons of iron. Also, with the use of polyethylene 

waste as a reducing agent for metal production, it prevents environmental pollution [5]. 

In this regard, the task of creating an intelligent and integrated technology for the processing of slag and 

intermediate products of copper and zinc production using polyethylene waste as a reducing agent is very 

relevant [6]. 

The purpose of the work is to expand the raw material base of mining and metallurgical enterprises with the 

direction of polyethylene waste as a reducing agent in metallurgy [7]. 

2. LITERATURE REVIEW 

The prior art method for sorting and processing municipal solid waste: The known method includes the 

collection of waste, its transportation by garbage trucks, unloading the latter, preliminary sorting of garbage 

with the extraction of bulky items, feeding the remaining waste to the sorting conveyor with the removal of 

various types of waste, first manually, then by mechanical selection and moving unused waste to the empty 

bins of the garbage trucks [8]. 
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The main disadvantage of this method is that the waste in the process of collection and transportation are 

mixed and pressed. Which significantly reduces the efficiency of subsequent sorting? Besides, it is becoming 

increasingly difficult for heavy-duty garbage trucks to transport waste from yard areas due to the increasing 

number of personal vehicles. 

Including, there is a known method of economical transportation, collection, sorting, and disposal of household 

waste. The method includes preliminary partial sorting of waste by type at the place of gathering of waste by 

the population at container sites, transportation of waste to an intermediate collection point, complete and final 

sorting at a middle collection point, and delivery of sorted waste to industrial enterprises for secondary use [9]. 

Now consider the current state of metallurgical waste processing using examples of zinc production. 

There is a method of Waelz of zinc-containing materials with the introduction of the mixture, coke, and obtaining 

clinker [10]. 

The disadvantage of this method is that when Wielding uses an excessive amount of expensive, reliable, 

reducing agents (coke breeze fossil fuels).  

It is known a method of Waelz of zinc-containing materials with a dosage in the mixture of calcium-containing 

flux, in particular calcium oxide [11]. 

The disadvantage of this method is the loading of calcium oxide together with the charge from the top-loading 

end of the furnace, which leads to an increase in the formation of crusts in the drying zone and the recovery 

of the load during the processing of zinc cakes and certain types of slag and the same when using Waelz using 

an expensive reliable, reducing agent (coke breeze). 

The closest in technical essence and the achieved result to the study is a method of processing zinc-containing 

wastes of metallurgical production [12], developed by the Ukrainian State Scientific and Technical Center 

"Energostal," which includes: 

 dehydration of sludge to a moisture content of 6-10 %; 

 adding to the dehydrated sludge dehydrated oily scale of the rolling mill in an amount of 10 - 50 % by 
weight of sludge; 

 uniform mixing of slurry with greasy size and the fluxing of the mixture by adding finely divided waste 

products of lime or calcium carbide in an amount of 3 - 15 % by weight of a combination of sludge and 

oily scale;  

 reductive heat treatment of the resulting mixture in a tubular rotary kiln without oxygen access by natural 

gas combustion products or the fuel fraction of the distillation of liquid dehydrated oil waste (counter 

flow) obtained with an airflow coefficient of 0.5-0.9 and a temperature of 1150 - 1450 °C with a vacuum 

of a system of 15 - 160 Pa and an exhaust gas temperature of 450 - 700 °C; 

 dust collection in exhaust gases due to the operation of bag filters; 

 cooling the obtained calcined product. 

As a result of the implementation of this method of processing finely dispersed iron-zinc-containing wastes 

from metallurgical industries, two end products similar to the above are obtained that are suitable for use in 

sintering and steelmaking.  

However, the method developed by “UkrGSTC Energostal” and based on the replacement of a reliable, 

reducing agent with liquid (oil waste contained in oily scale) and hot reducing gases (products of burning 

natural gas or the fuel fraction of the distillation of liquid dehydrated oil waste) has the following disadvantages: 

 a necessary condition for the process is the presence of oily scale; 

 the complexity of the technological scheme for processing iron-containing sludge, which includes the 

separate supply to the processing site of iron-zinc-containing sludge and greasy scale, the preparation 

of hot reducing gases, which involves the distillation of oil waste and their preliminary combustion before 
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being fed into the furnace, providing a vacuum in the system, afterburning of furnace gases with a high 

reduction potential.  

A common disadvantage of these methods is that in these works, there is no complexity in the joint processing 

of polyethylene and metallurgical wastes. 

The objective of the study is the maximum possible removal of zinc from zinc-containing wastes (cakes, 

sludges) of metallurgical production, environmental protection through the disposal of polymer wastes, and the 

reduction of economic costs when using a carbon-reducing agent obtained after processing polyethylene 

waste. 

3. OBJECTS AND RESEARCH METHODS 

The objects of the study of this work are waste plastic bags (Figure 2) and zinc cake, the composition of which 

is given in Table 1. 

Table 1 The chemical composition of zinc cakes 

Sample 
No. 

Components (wt%) 

Zn Pb Cu Cd Fe S SiO2 CaO MgO Other 

1 16.5 5.6 1.4 0.3 31.5 9.7 10.9 3.0 1.1 20.0 

2 20.5 3.6 0.7 0.2 28.7 8.8 12.3 2.7 1.2 21.3 

3 18.9 5.9 1.5 0.1 32.2 10.7 8.7 3.5 0.4 18.1 

4 21.2 6.8 2.1 0.4 26.8 7.2 11.5 3.5 0.9 19.6 

5 22.8 2.7 1.8 0.3 30.6 9.5 8.9 1.9 1.1 20.4 

 

Figure 2 Briquetted plastic bags 

The process is carried out in two stages: 

1) preparation of polyethylene waste for the process; 

2) recovery process. 

For the processing of zinc cake (sludge) using polyethylene waste, a unique synthetic reducing agent is first 

prepared as follows: 

 chopped reed or wood pods; 

 a scrap of polymer products is melted with burning at 100 - 300 °C together with a wood pod (the mass ratio 

between the waste of polymer products and a wood pod is 4: (1÷2), respectively. The duration of the process 

depends on the amount of the starting reagent. The process is subjected to pyrolysis furnaces (Figure 3); 
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 the result is a synthetic reducing agent and is cooled at 20 - 25 ° C; 

 after cooling, the finished artificial reducing agent is crushed before use. The chemical composition of 

the synthetic reducing agent is shown in Table 2. 

 

Figure 3 Oven for pyrolysis of a mixture of wood pods and polyethylene waste 

The recovery process for the processing of zinc-containing wastes of metallurgical production using pyrolysis 

products of polyethylene waste is carried out as follows: 

 first, zinc cakes (or sludges) are thickened and dehydrated using known methods until the moisture 
content in them is not more than 10 %, then they are pelletized with the addition of a binder in the form 

of a synthetic reducing agent in an amount of 10 - 20 % by weight of cakes (or sludges);  

 then pelletized slabs (sludges) are subjected to heat treatment in a rotary tube furnace (Waelz furnace, 

Figure 4). In parallel with pelletized slurries, a reliable, reducing agent is fed into the stove (a mixture of 

the synthetic reducing agent with coke, coke battery slimes and dry coke quenching units, coke breeze, 

fossil fuels, etc.) in an amount of 20 - 40 % by weight of pelletized cake (sludge). 

Table 2 The chemical composition of the synthetic reducing agent after thermal processing of the mixture 

Sale 

№ 

Components (%) 

С Н Ash Reducing part 

1 76.45 11.89 11.66 88.34 

2 74.67 10.12 15.21 84.79 

3 77.14 12.86 10.00 90.00 

4 76.77 12.05 11.18 88.82 

5 78.19 13.11 8.70 91.30 

To obtain the basicity of the final product (CaO / SiO2 ratio) equal to 0.6 - 1, which provides the most favorable 

conditions for the decomposition of difficultly reduced zinc compounds (ferrites, silicates, sulphides, etc.), it 

favorably affects the course of iron reduction. It thereby improves the process of removing zinc from the 

processed material, if necessary, fluxing is added to them during the pelletizing of zinc-containing cakes 

(sludges) (finely dispersed waste from the production of lime, calcium carbide or roasting of dolomite that) in 

a given quantity.  
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Figure 4 The furnace for pyrometallurgical reduction zinc cakes (Rotary kiln for zinc production) 

4. THE RESULTS OBTAINED AND THEIR DISCUSSION 

Heat treatment of zinc cakes (sludges) is carried out due to the release of heat by a solid reducing agent 

entering the furnace in parallel with pelletized cakes (sludges) during its combustion and the pyrolysis products 

of a synthetic reducing agent (light fractions). At 1000 - 1100 °C, the synthetic reducing agent decomposes 

into its constituents. The chemical reaction of the decomposition of a synthetic reducing agent (an example of 

polyethylene waste): 

(С2Н4)n → 2nC + 2nH2              (1) 

Both of these reagents reduce zinc and iron from their oxides. 

Heating of the reaction mixture (pelletized cake or sludge and reliable, reducing agent) before igniting the 

reliable, reducing agent is carried out by burning gaseous fuel (natural gas or a mixture of natural and blast 

furnace gas, or a combination of natural and coke oven gas, or coke oven gas) in the working volume of the 

furnace from its discharge the end. After the ignition of the reliable, reducing agent, the supply of gaseous fuel 

is stopped.  

To maintain the combustion of the reliable, reducing agent, an air blast is introduced into the furnace. 

The temperature of the reaction mass in the volume of the working space of the furnace can vary from  

30 - 40 °C when it is loaded into the furnace and up to 900 - 1100 °C when it is unloaded. The temperature of 

the exhaust gas gases is 600 - 800 °C. At 900 - 1100 °C, a reducing reaction of zinc proceeds: 

ZnO ∙ Fe2O3 + 2C = Zn(vap) + 2Fe + 2CO2         (2) 

ZnO ∙ Fe2O3 + 4H2 = Zn(vap) + 2Fe + 4H2O         (3) 

ZnO ∙ Fe2O3 + 2Fe = Zn(vap) + 4FeO          (4) 

ZnO + СО = Zn(vap) + СО2; СО2 + С = 2СО         (5) 

ZnO ∙ Fe2O3 + 4СО = Zn(vap) + 2Fe + 4CO2         (6) 

2ZnO ∙ SiO2 + 2Fe = 2FeO ∙ SiO2 + Zn(vap)         (7) 

ZnS + Fe = FeS + Zn(vap)            (8) 

After the heat treatment, the calcined iron-zinc-containing waste, in the form of a pelletized product, in a mixture 

with an unburnt reliable, reducing agent, is discharged from the furnace, cooled, subjected to magnetic 

separation and sent to the consumer. The non-magnetic fraction (not burnt reliable, reducing agent) is sent 

back to the rotary kiln. 

Exhaust gases containing dust pass through a gas purification system, where a more significant dust fraction 

(dust chamber) is separated, and a smaller one containing zinc oxide remains in the bag filters after gas 

purification in them. 
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The heat of the exhaust gases can be disposed of in a waste heat boiler to produce electricity or during the 

preparation of a synthetic reducing agent (maintaining an operating temperature of 80 - 90 °C, at which the 

artificial reducing agent (polymer waste) has the highest fluidity).  

To create the necessary conditions for the processes of reduction of zinc and iron compounds, sublimation 

and removal of zinc and other volatile impurities with furnace gases, to ensure the optimal heat balance of 

heat treatment of sludge and to prevent the formation of crusts in the furnace, coke breeze is fed into the oven 

along with the pelletized waste. The ratio of components in the cake - synthetic reducing agent mixture and 

the degree of zinc extraction into the finished product are presented in Table 3. The results of the chemical 

analysis of clinker after Waelz are shown in Table 4. 

Table 3 The chemical composition of Waelz oxides 

Sample 

№ 

A mass ratio of components 
in a mixture of cake - 

synthetic reducing agent 

Components (wt%) Extraction of zinc in 
Waelz oxides from 

cake Zn Pb Cd Other 

1 8.8:2.2 69.7 14.3 1.1 14.9 93.4 

2 8.5:2.5 71.3 10.2 0.6 17.9 93.7 

3 8.4:2.6 68.8 15.1 0.7 15.4 94.5 

4 8.3:2.7 70.1 14.9 1.0 14.0 95.8 

5 8.2:2.8 72.7 11.4 0.9 15.0 96.3 

The presented tabular data indicate that the proposed method allows to achieve the maximum degree of 

removal of zinc and other volatile impurities (non-ferrous metal compounds) from the processed materials, to 

provide a pelletized product that meets the requirements for raw materials used in sintering and steelmaking, 

and zinc concentrate suitable for use as a raw material in non-ferrous metallurgy. 

Table 4 The chemical composition of zinc clinker 

Sample 
№ 

A mass ratio of 
components in a mixture of 
cake - synthetic reducing 

agent 

Components (wt%) 

Zn Cu Fe S SiO2 C Other 

1 8.8:2.2 1.02 2.70 37.2 4.1 19.4 15.4 20.18 

2 8.5:2.5 1.67 2.45 32.6 2.6 18.0 15.6 27.08 

3 8.4:2.6 0.95 2.96 34.5 3.4 17.5 15.1 25.59 

4 8.3:2.7 0.74 3.10 31.4 2.5 18.3 18.7 25.26 

5 8.2:2.8 0.77 2.63 35.1 3.8 16.8 17.4 23.50 

5. CONCLUSION 

Thus, the proposed method for the integrated processing of zinc-containing waste from metallurgical 

industries, based on the use of a synthetic reducing agent as a binder with reducing properties, in the 

preparation (preparation of pellets or briquettes) of processed materials for heat treatment in a tubular rotary 

kiln allows: 

1) to utilize the waste of polymer products to obtain a synthetic reducing agent for the processing of zinc 

cakes; 
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2) to receive due to the allocation of an artificial reducing agent during its pyrolysis in the process of the 

regenerative firing of pelletized waste (pellets or briquettes) of hydrocarbon compounds a more porous 

structure of the resulting product;  

3) get a higher degree of sublimation of zinc and other volatile metals (up to 98 %); 

4) to provide the most favorable conditions for the process of reduction of iron oxides, zinc compounds and 

the removal of its vapours with exhaust gases without reducing the total iron content in the final product; 

5) to obtain a pelletized metalized product from the initial charge, both containing oily scale and not 

containing it; 

6) reduce total capital costs by partially reducing the high level of consumption of expensive coke used to 

carry out the process, and replacing it with a relatively cheap reducing agent - waste from polymer 

production;  

7) when conducting the technological process, use a broader range of fluxing materials (both silicon-

containing and calcium- and magnesium-containing) and obtain a product with a given basicity value 

(CaO/SiO2) depending on the required benefits of the degree of metallization of the finished product and 

its zinc content and sulphur. Besides, this reduces the cost of environmental measures and specialized 

equipment for the disposal of polymer waste that pollutes the environment. 
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Abstract  

In this time many suppliers are existed with raw material for foundry and the same as a minimum number has 

difficult task of choosing the most suitable one. How we can search the best of them for us? It is hard question. 

This article shows what can be checking around the raw material. The basic test is spectral analysis, what is 

indispensable every foundry in this time. Chemical composition absolutely does not show an important 

information about properties of alloy. A little bit more tests were made for compare 2 suppliers. There were 

used measuring as Dichte Index, Thermal analysis and metallographic cuts as necessary evidence for proper 

evaluation. 

Keywords: Ingot, metallographic cut, input inspection, aluminum alloy 

INTRODUCTION  

The company BENEŠ a LÁT a.s. (B&L) has a number of casting technology. One factory is foundry with focus 

on preparation of the melt for the production of gravity and low pressure die cast aluminum castings. Al-Si 

alloys are used almost exclusively here. Alloy AlSi7Mg0.3 was selected for this comparing 2 different suppliers. 

One of supplier No. 1 was new (cheaper) for foundry, because supplier No. 2 was checked more consistently. 

Alloy is typical for low pressure die casting technology. Visible differences between suppliers were in 

dimensions of ingots. Supplier No. 2 has dimension 600x50x45 mm and the supplier No. 1 has dimension 

500x50x45 mm. Smaller ingots had better using for workers at melting shop and here is expected lower risk 

for damage of melting furnace (especially crucible) during input of ingots. 

1. CHEMICAL COMPOSITION 

Foundry set up range of chemical composition for produce conditions. Basic standard for chemical composition 

is ČSN EN 1676. B&L has special requirement on volume of some chemical elements. Comparing standard 

and requirement B&L showed Table 1.  

Table 1 Chemical composition by standard and B&L requirement (wt%) 

Standard Si Fe Cu Mn Mg Zn Ti other/all other/together Al 

ČSN EN 1676 6.5-7.5 0.15 0.03 0.1 0.3-0.45 0.07 0.18 0.03 0.1 residual 

B&L 6.5-7.5 0.15 0.03 0.1 0.3-0.45 0.07 0.15-0.18 - - residual 

Maximum limit of iron is selected for safety reasons. Production technology is used to iron mold and other iron 

tools, what could be contamination of melt and next reason is well known fact that higher content of iron could 

create unwanted intermetallic phases with negative effect on the mechanical properties and corrosion 

resistance of castings. Low and high limit of titanium is required for possible cost savings in subsequent or 
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inoculation of the alloy. The aim of foundry production is to add Ti as little as possible before the melt is cast 

from holding furnace into the mould. Other/all means maximum content one from other elements, which do not 

mention in the table. Other/together means maximum total content other/all elements which do not mention in 

the table. 

1.1. Difference in chemical composition 

Minor deviations in Table 2 were during inspection measuring in B&L with supplier´s atests. The light red color 

showed range of limits of elements. Deviations are marked in deep red color. Supplier No. 1 had high value of 

Li in her atest. Value could be caused to mistake in record. Because inspection of delivery showed, that value 

of Li is suitable.  

Table 2 Chemical composition during inspection ingots (wt%) 

Chemical composition (wt.%)

Supplier
Sample Si Fe Cu Mn Mg Zn Ti Sb Li Bi P Ca

min. 6.5 0 0 0 0.3 0 0.1 0 0 0 0 0
max. 7.5 0.15 0.03 0.1 0.45 0.07 0.18 0.002 0.0005 0.004 0.004 0.004

No. 1
Atest 1994 7.100 0.110 0.0100 0.0100 0.360 0.0053 0.135 0.0002 0.0390 0.000 0.0006 0.0000

Inspection 1994 6.773 0.127 0.0002 0.0022 0.371 0.0004 0.130 0.0007 0.0001 0.001 0.0008 0.0007

No. 2

Atest 781 7.210 0.100 0.0080 0.0080 0.380 0.0060 0.110 0.0001 0.0000 0.000 0.0006 0.0011
Atest 801 7.020 0.120 0.0300 0.0600 0.380 0.0090 0.120 0.0003 0.0000 0.000 0.0005 0.0006

Inspection 781 7.615 0.106 0.0087 0.0082 0.392 0.0073 0.127 0.0001 0.0001 0.0011 0.0005 0.0009
Inspection 801 7.197 0.104 0.0240 0.0550 0.345 0.0089 0.147 0.0001 0.0001 0.001 0.0004 0.0004  

During measuring was big range in contain of Si and average from a few measurements was over to limit. The 

big range of content of Si was caused to inhomogeneity structure in case supplier No.2. But alloy had suitable 

chemical composition after remelting. And there was not detected any difference or difficulties after remelting, 

but may be it is about quite limited possibilities of detection of inclusions in B&L foundry. Generally, entry 

inspections are admited only alloys with correct chemical composition. In these cases, entry inspection made 

except. Current supplier had minor deviation, which did not confirm during checking in B&L. One of supply 

from new supplier had up to upper limit content of silicon. This supply was in testing and was checked all 

produce. 

2. SAMPLING OF METALLOGRAPHIC CUTS 

Samples for metallographic cuts were 

removed from one ingot of each specific 

supply. Place for cutting was defined in 

3 parts of ingot. In total 3 samples were 

from ingot. In the Figure 1 you can see 

ingot has marked parts for samples. The 

first cutting started 50 mm from edge. 

The second cutting was in the middle of 

ingot and the thirth cutting is 50 mm from 

the second edge. Widths of samples 

were 30 mm. It was same for shorter 

ingot too. Of course, for direct comparison.  

All samples were checked on chemical composition from one side and other side was intended for grinding 

which is necessary condition as preparation before to create metallographic cut. Chemical compositions are 

showed Table 3. Samples for microsections were searched according to chemical compositions. 

Figure 1 Cutting position of samples 
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Table 3 Chemical composition samples for grinding 

Samples
Chemical composition (wt.%)

Si Fe Cu Mn Mg Zn Ti Sb Li Bi P Ca
781/1 7.119 0.096 0.0055 0.0077 0.343 0.0055 0.115 <0.0070 <0.0001 <0.0010 <0.0008 <0.00005
801/1 6.853 0.118 0.0200 0.0610 0.352 0.0085 0.121 <0.0070 <0.0001 <0.0010 <0.0008 <0.00005
L1988/1 6.790 0.110 <0.0002 0.0024 0.363 0.0046 0.156 <0.0070 0.0001 <0.0010 <0.0008 <0.00005
781/2 7.157 0.097 0.0055 0.0075 0.342 0.0054 0.116 <0.0070 <0.00010 <0.0010 <0.0008 <0.00005
801/2 6.789 0.125 0.0220 0.0630 0.368 0.0090 0.124 <0.0070 <0.00010 <0.0010 <0.0008 <0.00005
L1988/2 6.783 0.100 <0.0002 0.0023 0.348 0.0042 0.155 <0.0070 <0.00010 <0.0010 <0.0008 <0.00005
781/3 6.963 0.095 0.0055 0.0076 0.336 0.0051 0.115 <0.0070 <0.00010 <0.0010 <0.0008 <0.00005
801/3 6.759 0.123 0.0210 0.0630 0.365 0.0087 0.122 <0.0070 <0.00010 <0.0010 <0.0008 <0.00005
L1988/3 6.963 0.108 <0.0002 0.0024 0.365 0.0045 0.15 <0.0070 <0.00010 <0.0010 <0.0008 <0.00005  

All samples had satisfactory contain of all elements with standard. From first ingot were sent to metallographic 

analysis all 3 parts of ingot (781). Only one part from each ingot was sent from the second ingot (801) and 

ingot from supplier no. 1(L1988) as well.  

2.1. Metallographic cuts of all sample batches 

This rubric solved only samples 781/1, 801/1 (supplier No. 2) and sample L1988/1 (supplier no. 1). All samples 

had dendritic structures (in figures appearing as light white places). The finest structure in Figure 2 had sample 

781/1.  

                   

Figure 2 Sample 781/1 

The biggest size of dendrites in Figure 3 had structure sample 801/1. Sample 781/1 had visible areas with 

shrinkages in the group (marked in right figure). 

                  

Figure 3 Sample 801/1 
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The sample L1988/1 in Figure 4 had individually small shrinkages over entire surface of the cut. Shrinkages 

are not created to the group. This is proved that supplier no. 1 had more homogeneity material in this supply 

batch. 

               

Figure 4 Sample 1988/1 

3. MELTING, DEGASSING, MEASURING DENSITY (DICHTE INDEX) AND TESTING BY THERMAL 
ANALYSIS 

Melting was carried out standard process in gas melting crucible furnaces. The contribution was 70 % ingots 

and 30 % scrabs. The melting temperature was 750 °C ± 10 °C. Melt degassing was performed at FDU 

(Foundry degassing unit with nitrogen as inert gas) device with standard program (cycle time is about 5 min) 

as all production of castings.  

In the Figure 5 you can see degassing process in B&L. The Dichte Index measurement was after degassing 

from transport pot. A sample for thermal analysis was taken from the transport pot too. Informations from 

thermal analysis are visible in the Figure 6. 

              

              Figure 5 Degassing process                                Figure 6 Cooling curve from thermal analysis       

Date, hour and type of alloy are under curve. M means value of modification and ZZ means value of grain 

refinement. Typical values M are in the range 6-15 and typical values ZZ are in the range 8-15. Other 

information are about temperatures in crucible during measuring and the first measuring - date, hour and 

density index. Data for compare suppliers you can see in Table 4 and Table 5. 
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Table 4 Supplier No.1 

Date
Chemical composition (wt.%)

DI
Thermal analysis

Si Fe Cu Mg Ti Ca Pb Sr P Modificaton (-) Grain refinement (-)
04.02.2020 7.276 0.111 0.0014 0.33 0.116 0.0013 0.0008 0.006 0.0008 0.75 6.7 -
05.02.2020 6.903 0.126 0.0036 0.338 0.126 0.001 0.0008 0.0034 0.0008 0.75 8.0 13
06.02.2020 7.381 0.168 0.0078 0.314 0.125 0.001 0.0013 0.0081 0.0008 0.00 7.9 13
07.02.2020 7.381 0.168 0.0078 0.314 0.125 0.001 0.0013 0.0081 0.0008 0.38 7.5 13
10.02.2020 7.336 0.114 0.0014 0.321 0.127 0.0013 0.0008 0.004 0.0008 0.38 9.1 -
11.02.2020 7.147 0.108 0.0015 0.341 0.114 0.0011 0.001 0.0035 0.0008 0.38 8.9 -
12.02.2020 7.392 0.124 0.0034 0.315 0.133 0.0011 0.0008 0.0075 0.0008 0.38 7.6 -

Ø 7.259 0.131 0.0038 0.324 0.124 0.0011 0.0009 0.0058 0.0008 0.43 7.9 13  

Table 5 Supplier No.2 

Date
Chemical composition (wt.%)

DI
Thermal analysis

Si Fe Cu Mg Ti Ca Pb Sr P Modification (-) Grain refinement (-)
03.12.2019 7.191 0.105 0.0070 0.361 0.127 0.00005 0.0008 0.0035 0.0008 0.75 9.4 13.0
04.12.2019 7.175 0.103 0.0077 0.362 0.125 0.00005 0.0008 0.0021 0.0008 0.75 6.7 12.7
05.12.2019 7.267 0.102 0.0078 0.358 0.115 0.00005 0.0008 0.0036 0.0008 0.75 9.2 10.8
06.12.2019 7.16 0.102 0.0079 0.352 0.116 0.00005 0.0008 0.0037 0.0008 0.38 8,0 13.0
09.12.2019 6.971 0.100 0.0056 0.341 0.125 0.00005 0.0008 0.0029 0.0008 0.75 8.9 13.0
10.12.2019 7.098 0.098 0.0065 0.351 0.124 0.00005 0.0008 0.0021 0.0008 0.75 7.6 13.0
11.12.2019 6.784 0.101 0.0091 0.383 0.117 0.00005 0.0008 0.0044 0.0008 0.75 9.6 12.4

Ø 7.092 0.102 0.0074 0.358 0.121 0.00005 0.0008 0.0031 0.0008 0.70 8.5 12.5
12.12.2019 7.005 0.112 0.0089 0.368 0.123 0.00005 0.0008 0.0029 0.0008 0.75 7.8 12.6
13.12.2019 7.024 0.114 0.0110 0.384 0.128 0.00300 0.0008 0.0054 0.0008 1.51 - -
06.01.2020 6.917 0.171 0.0087 0.328 0.138 0.00008 0.0008 0.0081 0.0008 0.38 3.7 13,0
07.01.2020 6.958 0.175 0.0130 0.325 0.144 0.00005 0.0009 0.0056 0.0036 0.38 - -
08.01.2020 6.882 0.104 0.0160 0.340 0.134 0.00005 0.0008 0.0045 0.0008 0.75 8.4 -
13.01.2020 7.081 0.130 0.0220 0.357 0.131 0.00005 0.0008 0.0031 0.0008 0.38 8.5 -
17.01.2020 7.105 0.131 0.0200 0.357 0.133 0.00005 0.0008 0.0060 0.0008 0.38 8.6 13.0
20.01.2020 6.832 0.121 0.0210 0.378 0.126 0.00005 0.0008 0.0033 0.0008 0,00 8.5 -
21.01.2020 7.034 0.163 0.0200 0.363 0.132 0.00005 0.0008 0.0066 0.0008 13.41 8.6 10.3
22.01.2020 6.863 0.121 0.0200 0.424 0.136 0.00030 0.0008 0.0053 0.0008 13.03 7.2 -
27.01.2020 6.922 0.137 0.0180 0.351 0.121 0.00080 0.0012 0.0037 0.0008 11.79 8.3 11.0
28.01.2020 7.125 0.152 0.0170 0.361 0.136 0.00160 0.0012 0.0091 0.0008 3.38 7.0 12.6
29.01.2020 6.985 0.131 0.0240 0.359 0.119 0.00040 0.0014 0.0042 0.0008 0.38 8.6 -

Ø 6.979 0.136 0.0169 0.361 0.131 0.00050 0.0009 0.0052 0.0010 3.58 7.7 12.1  

Generally, Supplier No. 1 had higher content of Si, Ca and had lower content of Cu, than supplier No. 2. Other 

elements had very similar content. All elements were in range of standard according to ČSN EN 1676. Values 

of DI were up to 1 % for both suppliers. The value of modification is good for AlSi7Mg0,3. The value of Grain 

refinement is good too. If number is higher so modification/inoculation effect is stronger. All alloys were 

suitable. Supplier No. 2 had 2 melts with similar chemical composition. Difference was between content of Cu 

and Fe. Produce was without visible and major changes. Produce parameters for casting process were stayed 

same. Random check of casting production by X-ray was suitable (it means OK status). 

4. CONCLUSIONS 

This article is easy instructions, recommendations and inspiration how we can check raw material in foundry. 

Compare is showed advantage and disadvantage. In this case different size of ingot was visible in the first 

time. The supplier No. 2 had smaller ingots and using of them was more comfortable for melter (worker). 

Supplier No. 2 had non-homogeneity material, as evidence there are metallographic cuts. After remelting was 

chemical composition correct according to standard. During melting had not occurred any problem in process. 

Values of Dichte Index were generally up to 1 %. Very similar was result from thermal analysis for both 

suppliers. In production did not have different result on quality of castings and everything seemed to be fully 

correct. The reason for rejecting new supplier No. 1 was not found.  
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Abstract 

This article deals with the chemical composition of the engine part mounted on the historical motorcycle JAWA 

250 from 1939. Before the company started making motorcycles, it was engaged in the production of firearms. 

It was an arms industry, and this also entailed high demands on the quality of the products, which can be 

observed not only on aluminum alloy castings but also on other parts of the motorcycle. The part under review 

is made of aluminum alloy and serves as a holder for the motorcycle ignition mechanism. It is one of many 

parts of the engine. There are several reasons for material analysis. The motorcycle was restored, and it was 

important to find out what material our ancestors used to produce the parts of the motorcycle. The 

measurement result can be used to produce a new part if necessary, which will be possible to replace either 

the missing part or the part in an already unrepairable state. The issues concerning the production of spare 

parts for historical means of transport or technical monuments are generally very extensive. Production 

processes and materials must be observed. For this reason, material analysis is of great importance and in 

the future, we will not be able to avoid it in the process of cultural technical monuments restoration. The 

information found may assist restorers to manufacture or repair of damaged parts. There were more types of 

JAWA motorcycles produced in the interwar period and the results of this research can be also applied in 

general. 

Keywords: Casting, aluminum alloy, composition, historic vehicle 

1. INTRODUCTION 

JAWA motorcycles started to be produced in 1929. Some parts were made in the form of castings. This 

included, for example, the two-stroke motor parts. JAWA also produced modern four-stroke machines in the 

1930s, which also used electron castings. More complex castings, for which more care was paid to the 

accuracy of production, were contracted out into the company ČKD (Českomoravská Kolben Daněk), which 

was one of the world's leading technologies in engineering production at that time. 

The material analysis consisted of determining the chemical composition of the engine part from the JAWA 

250 motorcycle produced in 1939. Specifically, it was an aluminum alloy casting that serves as a holder for 

ignition. 

2. SAMPLE ANALYSIS 

The chemical composition measurement was carried out using the Delta Professional X-ray spectrometer 

using the ED-XRF (Energy Dispersive X-ray Fluorescence) method. The first measurement was carried out 

only on a degreased surface. Due to oxidation of the outer side of the cover, different values were found in the 

chemical composition of the outer and inner sides of the casting (Table 1). Further measurements were carried 
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out after the oxidizing layer was ground (Table 2, Figure 1). It was found that the casting of the engine cover 

was made of an alloy consisting of 90 wt% Al, 7 wt% Cu, 2.5 wt% Si, 0.5 wt% Fe. The alloy from which the 

engine cover was made does not correspond to any of the standard aluminum casting alloys specified in ČSN 

EN 1706. AlCu alloys (EN AC-21000 up to EN AC-21200) contain smaller amounts of copper, i.e. 4.0 to 5.2 

wt% Cu, or eventually Mg, Ti and Mn as additional alloying elements, with a minimum silicon content [1]. 

The most common foundry alloys are silicon-based alloys, the so-called silumins. Silumins with copper additive 

Al - Si - Cu are the alloys with the reduced silicon content. They include groups of AlSi5Cu (EN AC-45xxx) with 

a silicon content 4.5 - 7.0 wt% and copper of 0.2 - 5.0 wt%, or groups of AlSi9Cu and AlSi (Cu), which have a 

higher silicon content. In general, they are suitable for the production of impermeable castings, such as petrol 

engine fittings, carburettors, seals, etc. They are alloys with good foundry properties, do not tend to form cracks 

in the heat, do not form concentrated shrinkage cavities and are well machinable. The advantage is that they 

do not absorb gases much. The copper that is present improves its properties at increased temperatures but 

causes corrosion resistance to worsen. Fluidity of Al-Cu alloys increases with the silicon additive significantly. 

Alloy Al-Si castability can be improved by adding copper, but machinability deteriorates [1,2]. 

Copper is considered to be one of the most important elements in aluminum alloys due to its considerable 

solubility in aluminum and its firming effect. Hardening takes place at low temperatures by heat treatment, at 

high temperatures alloys with iron, manganese, nickel, etc. are formed. Many industrial aluminum alloys are 

either a base admixture or they act together with other alloying elements in quantities from 1 to 10 wt%. 

The equilibrium binary diagram according to Murray is shown in Figure 2 [2]. The equilibrium phases in the 

Al-Cu system on both metals form limited rigid solutions (Cu) and (Al) with KPC grid. The solid solution (Cu) is 

often referred to as  phase. The maximum solubility of copper in a solid aluminum solution is 2.48 at.% Cu 

(~ 5.7 wt%) at the temperature of eutetic reaction 548.2 °C. The microstructure of the alloy under test will 

consist of a solid solution and a small proportion of eutetic. 

Table 1 First measurement on degreased surface 

Inside Outside 

Element  
Average 

(wt%) 
Element  

Average 
(wt%) 

Al 91.02 Al 80.78 

Cu 5.79 Cu 7.30 

Si 2.68 Si 11.32 

Fe 0.39 Fe 0.42 

Mn 0.04 Mn 0.04 

Ni 0.01 Ni 0.01 

Mo 0.01 Mo 0.00 

Zn 0.07 Mg 0.11 

  Ti 0.03 

  Pb 0.00 

Note: Affected by oxidation, does not include oxygen 

The mechanical properties of Al-Cu alloys depend on whether Cu is present in a solid solution in the form of a 

spheroid, or possibly as dispersed particles, or whether it creates a net at the border of grains [1]. For the alloy 

examined, it was possible to measure only the hardness of the casting according to Brinell. The measured 

hardness was 67  0.4 HBW5 (Figure 2). The casting hardness is quite low thus the casting was probably 

only in cast state and was not precipitally cured. 
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Figure 1 Measurement of chemical composition by ED-XRF method using Delta Professional X-ray 

Spectrometer A) the outside of the engine cover, B) inside of the engine cover 

Table 2 Chemical composition of part - measurement on the ground surface 

Inside Outside Average chemical composition 

Element  
Average 

(wt%) 
Element  

Average 
(wt%) 

Element Average 
(wt%) 

Al 90.13 Al 89.80 Al 89.97 

Cu 6.96 Cu 7.41 Cu 7.18 

Si 2.46 Si 2.34 Si 2.40 

Fe 0.43 Fe 0.42 Fe 0.43 

Mn 0.01 Mn 0.01 Mn 0.01 

Ni 0.01 Ni 0.02 Ni 0.01 

 

Figure 2 Al-Cu phase diagram with alloy marked 

T (°C)

wt% Cu

at% Cu
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3. REVERSE ENGINEERING 

On the engine, we have also used reverse engineering methods. This means that we have modelled or 

scanned the selected parts and, thus, converted them to digital 3D models. We used reverse engineering 

methods for the engine head (Figure 3), which in 1939 was made of the same material as the engine cover in 

question. We focused mainly on castings with aluminum alloys, which cannot be modelled precisely by 

conventional methods. That is why we have used HandySCAN 3D 700 from Ametek Creaform, which has 

volumetric accuracy of 0.020 mm + 0.060 mm/m. The resulting 3D model can then be printed using additive 

manufacturing methods to obtain a physical model of the part, which can be further poured using the material 

from which the original part was made. The part thus obtained has the shape and mechanical properties of the 

original part, which is a great contribution to the restorers of technical monuments or collectors. These methods 

will allow us to maintain cultural heritage for future generations [4]. 

4. CONCLUSION 

Analysis of the chemical composition of the casting from the engine of the JAWA 250 motorcycle produced in 

1939 was made to obtain information about the material that was used to produce the part for the now historical 

motorcycle. The aim was not to violate the part examined. The result from the measurement can be used as 

a basis for the production of a new part, which can replace either the missing part or the part in an already 

unrecoverable state. The issue concerning the production of parts for historical means of transport or technical 

monuments is generally very extensive. The production processes and material must adhere here. For this 

reason, material analysis is of great importance and in the future, we cannot avoid it in the restoration of cultural 

technical monuments. The information found may assist restorers in the manufacture or repair of damaged 

parts, for example by using of reverse engineering methods [5,6]. There were more JAWA motorcycle types 

produced in the interwar period, so the results of this research can be applied in general. 

 

Figure 3 3D scan of the engine head (JAWA 250, 1939) 
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Abstract  

Both steel and aluminum alloys rank among the most important structural materials due to their suitable 

properties in various applications and low material cost. Bonding of such dissimilar materials and formation of 

a composite material can lead to an effective combination of steel high strength and aluminum low density and 

corrosion resistance. Fabrication of aluminum-steel clad material by twin-roll casting leads to preparation of 

composite material whose properties are governed by the microstructure of intermetallic layer between 

aluminum and steel. Such layer formed after annealing at 500 °C for 16 hours by diffusion of iron atoms into 

aluminum.  

Keywords: Aluminum-steel, clad material, twin-roll casting, microstructure 

1. INTRODUCTION 

Aluminum and iron alloys belong to a group of the most important engineering materials due to their exploitable 

properties in various applications and low material cost. Al alloys stand out among the materials in the field of 

engineering where low weight component or good corrosion resistance is required. Iron is the main constituent 

of steels, which are all-purpose materials for structural applications where high strength, good creep resistance 

and formability are needed.  

Joining of two dissimilar materials for the purpose of formation of a composite material can bring unprecedent 

product characteristics beyond the ones of each conventional monomaterials [1-3]. The joints of steel and Al 

alloys seem very attractive due to the possible combination of low density of Al and high strength of steel and 

so the final material may be applied as a structural element in car bodies and chassis, aircraft constructions 

and ship building. Such conjunction can also provide high thermal conductivity and thermal capacity usable in 

heat exchangers [4] and smelting production of Al as well as in household applications [5]. 

Cladding is a procedure based on layering of different materials with continuous bonding layers [6,7]. The most 

common production method of the clad strips is cold or hot roll bonding [8], which makes more than 90% of all 

flat clad products. Nevertheless, these methods suffer from severe drawbacks - high energy and time 

consumption resulting in a high cost of the final product. The reason lies in the complicated preparation of 

substrates. 

A possible alternative is twin-roll casting. One metal is fed on the roll’s surfaces and so creates the outer shell 

of the strip. The other metal is fed internally and comes into contact with the thin outer shell and forms the core 

of the final bi-metal strip [9]. Method of horizontal twin-roll casting of the claded material uses combination of 

previously solidified sheet of the first metal and the melt of the second material [10]. The production was tested 

on different Al alloys. A higher strength was shown compared to hot roll-bonded composites. An experiment 

with a joining of two different metals (Al and Mg alloys) was first performed by Rao and Bae et al. [11,12] and 

intermetallic phases on the interface of the materials were investigated.  
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The final properties of the clad materials are governed by the structure and thickness of the intermetallic layer 

which forms during subsequent heat treatment [13-15]. 

2. EXPERIMENTAL  

Aluminum-steel clad sheets were produced by the means of twin-roll casting at the University of Paderborn. 

The laboratory twin-roll caster is equipped with two water-cooled rolls with a diameter of 370 mm and length 

of 200 mm. A casting process was realized with a vertical operation plane. A solid austenitic steel (type 1.4301 

[16]) strip with a thickness of 0.5 mm was fed into a gap between the rolls simultaneously with the melt of a 

technically pure aluminum EN AW-1070 [17]. 

Solidification of the aluminum melt is influenced by a presence of the steel strip on one side which behaves as 

an additional thermal barrier between the melt and the cooled roll so a shift of the metallurgical center of 

solidified aluminum occurs [18]. A layer of the solidified aluminum grows from the side of the uncovered roll 

and the steel substrate up to so-called “kissing point” that indicates the beginning of the deformation zone, 

where the metal sheet yields to a thickness reduction. Final thickness of the clad strip is 2.5 mm. 

In comparison to conventional roll-bonding, a flat grain structure of the aluminum substrate could be partially 

suppressed by the process of twin-roll cladding. This feature could influence the resulting mechanical 

properties. The formation of an interfacial layer of Al-Fe intermetallic phases could influence the bonding 

strength and other material properties of the composite [5,19,20]. 

The microstructure of the cast material and material after annealing at 500 °C was studied by the means of 

light optical microscopy - Zeiss Axio Observer and scanning electron microscopy (SEM) - FEI Quanta F200 

equipped by energy-dispersive spectroscopy (EDS). 

3. RESULTS 

Concerning the microstructure of the cast aluminum layer, colonies of the primary phases were arranged rather 

in chains orientated in the casting direction on both outer parts of the aluminum layer whereas in the central 

part the smaller round particles were randomly distributed. Occasionally, central segregations were present 

near the center of the strip (Figure 1) [21]. A slight difference of the phase distribution on the opposite edges 

of the aluminum layer (with and without the adjacent steel substrate) was noticed. 

In the interfacial region, no continuous intermetallic layer was found. Nevertheless, larger density of the primary 

phases than on the other side of the aluminum layer was observed. This feature was probably consequence 

of the presence of the steel strip which impeded the heat flux during the casting. 

Grain structure and phase distribution was further studied by scanning electron microscope (Figure 2). An 

equiaxed grain structure through the whole thickness of the steel strip was revealed in the channeling contrast. 

Moreover, it could be seen that many of the grains contain twins. 

Dendritic colonies with eutectic features were found in the aluminum layer near the interface. Some regions 

containing only smaller particles of the primary phases close to the joint were also present. A variance of the 

phase arrangement through the Al layer was also observed. Primary phases formed linear chains and 

decorated the grain boundaries of the equiaxed aluminum grains. Towards the central part of the strip, primary 

phases comprised small dendritic colonies rather than the linear chains or they were present in the aluminum 

matrix as round particles.  

Study of the aluminum-steel interface did not reveal any continuous layer of the intermetallic phases. Rarely, 

only the tiny separated isles of the intermetallic phases were found on the aluminum-steel border. 
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Figure 1 Micrograph through the whole clad strip thickness and detail of the interfacial region of the clad 

strip (steel is on right) 

 

Figure 2 Microstructural overview from SEM. The whole thickness of the steel layer (right) was depicted. 

Figure 3 Detail of intermetallic layer formed at the interface between aluminum and steel layer and 

corresponding chemical analysis (right axis is for Si) 
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After annealing for 16 hours at 500 °C thick intermetallic layer was formed (Figure 3) between aluminum and 

steel. EDS line analysis of the concentration profile was carried out across the interface. Several analyses 

were performed due to uneven formation of intermetallic layer. Atomic concentrations as function of distance 

from a point of 50 at% Al-concentration are displayed in Figure 3. In the intermetallic layer the concentration 

of Al decreased to ~ 70 at% and concentration of Fe increased to ~ 20 at%. Concentrations of Cr and Ni from 

the steel also increased, indicating that the intermetallic layer grew from steel towards aluminum. This 

phenomenon was also observed by other authors [14,22]. Slightly raised Si-concentration was measured in 

the interfacial phase near Al. As the Si content is low in comparison with remaining elements, Si concentration 

was scaled by right y-axes which was added for better resolution (Figure 3). 

4. CONCLUSION 

In this work, the Al-steel clad material prepared by twin-roll casting was studied. As-cast microstructure of the 

aluminum layer was inhomogeneous typical for twin-roll cast material containing colonies of Al-Fe-Si-base 

primary particles. Microstructure of the steel strip contained austenitic microstructure with a content of 

annealing twins. Almost no intermetallic layer was found on the Al-steel joint.  

After annealing at 500 °C the interface layer of Al-Fe was formed due to diffusion of Fe from the steel towards 

the aluminum. 
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Abstract 

The corrosion resistance of aluminum-silicon (Al-Si) foundry alloys is a result of microstructure development 

influenced by melt treatment and solidification. As a part of the main eutectic (αAl + βSi), βSi particles are 

cathodic with respect to the αAl matrix enabling micro-galvanic couple formation and localized corrosion. 

Despite its high polarization and low current density, increase in the eutectic (αAl + βSi) will contribute to the 

microstructure degradation of an alloy in corrosive environment. The research was performed in order to 

estimate the influence of eutectic βSi particles size on the microstructure degradation of AlSi12 alloy with mixed 

morphology of eutectic (αAl + βSi). The results of light microscopy indicated preferred initiation and progress of 

cavities involving modified eutectic (αAl + βSi) with eutectic βSi particles of smaller average particle size. The 

unmodified eutectic (αAl + βSi) with lamellar morphology and dendrites of primary αAl phase were not visually 

affected by degradation. The average cavity size and pH value of the solution increase with the increasing 

exposure time, while microstructure degradation rate decreases. 

Keywords: AlSi12, eutectic modification, particle size, corrosion environment, microstructure degradation 

1. INTRODUCTION 

The corrosion resistance of aluminum-silicon (Al-Si) foundry alloy derives from chemical composition, value of 

secondary dendrite arm spacing (SDAS) and anodic or cathodic behavior of the main or secondary phase 

components [1]. Although, size of the SDAS has a direct influence on mechanical properties, it is not clear if 

decrease in the SDAS improves resistance to microstructure degradation in corrosive environment. In order to 

understand microstructures tendency towards degradation, SDAS needs to be correlated with phase 

distribution into the interdendritic region and its anodic/cathodic behavior with respect to the αAl matrix [2]. As 

a part of the main eutectic (αAl + βSi), βSi particles are cathodic with respect to the αAl matrix causing the 

formation of micro-galvanic couples and localized corrosion phenomena [3]. Even due the effect of βSi particles 

on microstructure degradation is minimal, due to its high polarization and low current density, increase of 

eutectic (αAl + βSi) ratio in microstructure will have deleterious effect on the alloy’s microstructure [4]. 

The chemical modification of Al-Si foundry alloys influences eutectic (αAl + βSi) solidification and leads to 

structural transformation of the eutectic βSi phase from course lamellar to fine fibrous morphology. This 

structural refinement, caused by the addition of modifiers, increases circularity and reduces particle size and 

aspect ratio of modified eutectic βSi phase [5]. Consequently, modification has direct influence on fracture 

surface geometry as well as beneficial influence on ductility, toughness, tensile strength, and elongation [6]. 

The goal of the research is to estimate the influence of βSi particle size and distribution on the microstructure 

degradation of eutectic AlSi12 alloy in the corrosive environment. The applied method simulates various types 

of outdoor services, especially in marine and automotive applications. The progress of the accelerated 

corrosion process and its impact on the macrostructure and microstructure will be estimated visually using light 

microscopy. 
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2. MATERIALS AND METHODS 

The synthesis of eutectic AlSi12 alloy began by remelting of the AlSi12 block followed by chemical composition 

augmenting through the additions of AlSi50%, AlTi10 and AlMn master alloys. After stirring with argon and 

chemical degasing, the alloy was modified by adding metallic sodium packed in vacuum sealed aluminum can. 

In order to obtain modified and unmodified morphology of eutectic βSi particles, the samples were taken 10 

min (sample 1) and 60 min (sample 2) after the addition of the modifier by pouring into a permanent steel 

mould. Approximately 2 min after pouring the samples were quenched in water. 

Chemical composition of the synthesized alloy was determined spectroscopically using SPECTRO MAX x 

LMM 04 spectrometer. 

The samples for metallographic analysis were prepared using standard grinding and polishing techniques. The 

samples for macrostructural analysis were etched using Poulton’s etching solution. The macrostructure was 

observed using stereo microscope Olympus SZ11. 

The samples for light microscopy were etched in 0.5 % aqueous hydrofluoric acid solution. The microstructure 

was analyzed using the Olympus GX51 inverted metallographic microscope equipped with AnalySIS Materials 

Research Lab software support. Application of the particle analysis enabled particle count and area 

classification of eutectic βSi particles. Five micrographs per sample were analyzed by setting threshold at the 

binary images. 

Before exposure to the corrosive environment, the samples were grinded and mounted in inert resin. The 

mounting was performed in order to prevent spontaneous degradation from all sides. 

The solution for the corrosion testing was obtained by dissolving 234 g of sodium chloride (NaCl) and 50 g of 

potassium nitrate (KNO3) in water. Afterwards, 6.3 ml of HNO3 were added and the solution was diluted to 1 l 

by adding distilled water. The obtained solution had the apparent pH of 0.4. The samples were immersed in 

the solution for 5, 24, 48 and 72 h. After words, the samples were neutralized in concentrated HNO3, rinsed in 

distilled water, alcohol and dried in hot air. The Laboratory pH Meter inoLab LeV1 was used to measure 

changes in pH of the solutions after the samples were removed. 

By calculating loses of mass with respect to exposure time, the microstructure degradation rate was calculated. 

The macrostructure was analysed on the exposed surface of the samples, while microstructural analysis was 

performed on the cross-section of the samples after standard metallographic preparation and etching in 0.5 % 

aq HF solution. Analysis of the cross-section enabled cavity depth measurements.  

3. RESULTS AND DISCUSSION 

The results of chemical analysis are given in Table 1. 

Table 1 Chemical composition of the produced alloy (wt%) 

Si Fe Mn Mg Ni Sn Ti Na Al 

12.9 0.151 0.077 0.065 0.006 0.065 0.081 0.014 Balance 

The chemical composition of the produced alloy is in accordance with EN 1706:2010 for EN AC 4410 (EN AC 

AlSi12) alloys. The addition of Na is sufficient to fully modify eutectic (αAl + βSi) from course lamellar to fine 

fibrous morphology. 

The macrostructure and microstructure of the samples are given in Figure 1. 
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a) b) 

   
c) d) e) 

Figure 1 Micrographs of: a) macrostructure of the sample 1, b) macrostructure of the sample 2, c) 

microstructure of the sample 1, d) microstructure of the sample 2 in the area 1, e) microstructure of the 

sample 2 in the area 2 

The macrostructure of the samples consists of a dendritic network of primary αAl phase (Figures 1 a, b, bright 

areas) and interdendritic areas filled with eutectic (αAl + βSi) (Figures 1 a, b, dark areas). The macrostructure 

of the sample 2 also reveals the presence of solid-liquid interface with growth direction from surface to the 

center of the sample. The quenching of the sample enabled formation of central zone (Figure 1 b, zone 2) and 

surface zone with average thickness of 2.69 mm (Figure 1 b, zone 1). In the sample 1 eutectic (αAl + βSi) is 

fully modified with fine fibrous morphology (Figure 1 a). Due to the over modification with Na, the coarsening 

of the eutectic βSi particles and the overgrowth of the αAl matrix can be seen at the grain boundaries (Figure 
1 c). The microstructural analysis of the sample 2 indicates the difference in eutectic (αAl + βSi) morphology 

between the zones. The surface zone eutectic (αAl + βSi) has lamellar morphology (Figure 1 d), while the 

eutectic (αAl + βSi) in central zone is fully modified (Figure 1 e).  

The results of particle analysis are given in Table 2. 

Table 2 Results of particle analysis 

Sample Zone 
Particle count 

(μm) 
Particle area 

(μm) 
Average particle size 

(μm) 

1 / 3230.6 6739.36 2.09 

2 surface 1400.2 7465.05 5.33 

2 central 1911.6 1906.11 1.00 

The results of the particle analysis indicate the highest particle count in sample 1 with average particle size of 

2.09 μm (Table 1). The lowest particle count was measured in the surface zone of sample 2 with largest average 

particle size of 5.33 μm. The central zone of sample 2 has the smallest average particle size of 1.0 μm  

(Table 1). 

The example of the samples macrostructure after 48 h of exposure is given in Figure 2. 

1 mm 1 mm 

800 μm 80 μm 50 μm 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

997 

  
a) b) 

Figure 2 Macrostructure of samples at the magnification of 12.5 X:  

a) Sample 1, b) Sample 2 

During 48 h of exposure the microstructure degradation of sample 1 comprehended cavities formation in the 

interdendritic areas of primary αAl phase (Figure 2 a, black areas). Exposure of sample 2 to the corrosive 

environment indicated quenched solid-liquid interface and small spherical colonies (Figure 2 b). The central 

zone of the sample 2 shows more significant microstructural degradation compared to the surface zone 

(Figure 2 b, black areas).  

The microstructure of the samples after 5, 24 and 72 h exposure is shown in Figure 3. 
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Figure 3 Microstructure of the samples after 5, 24, 72 h exposure to the corrosive environment 

The cross-section of the sample 1, 5 h after the exposure shows negligible microstructural degradation. The 

cavities can be seen 24 and 72 h after the beginning of the testing. The cavities initiate at the exposed surface 

and progress deeper into the material affecting the eutectic (αAl + βSi) located in the interdendritic network of 

primary αAl phase (Figure 3, sample 1). The microstructure of the sample 2 after 5 h of exposure shows the 

lack of cavities at the solid-liquid interface. However, the small cavities forming at the surface of the sample 

can be found in central zone. The microstructure of the sample after 24 h of exposure shows presence of 

cavities at the solid-liquid interface progressing into the central zone with average size of eutectic βSi particle 

1.00 μm (Table 2). In next 72 h, the cavities progress deeper into the material affecting the modified eutectic 

1 mm 1 mm 

800 μm 800 μm 800 μm 

800 μm 800 μm 800 μm 
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(αAl + βSi). The unmodified eutectic (αAl + βSi) with average size of eutectic βSi phase particle 5.33 μm  

(Table 2) is not significantly affected by the corrosion processes (Figure 3, sample 2). 

The average cavity depth and rate of the microstructure degradation are shown in Figure 4, while the changes 

in pH value are given in Table 3. 

 
Figure 4 The average cavity depth and microstructure degradation rate 

Table 2 The changes in pH value per sample and corrosion exposure time 

Sample 
Corrosion exposure time (h) 

5 24 48 72 

1 0.38 0.53 0.88 1.14 

2 0.35 0.65 1.31 1.59 

During the first 5 h the cavities with the average cavity size of 34.59 μm can be observed at the surface of the 

sample 1. The cavities form with the rate of 4.33⋅10-7 g/s (Figure 4). The solution pH value decreases to 0.38 

(Table 2). After 24 h the cavities with the average cavity size of 280.87 μm were formed with rate of 1.32⋅10-7 

g/s (Figure 4). The pH value of the solution increases to 0.53 (Table 2). After 48 h of exposure the 

microstructure degradation rate decreases to 0.57⋅10-7 g/s while average cavity size increases to 328 μm 

(Figure 4). The solution pH value increases to 0.88 (Table 2). Towards the end of the exposure the 

microstructure degradation rate increases to 0.89⋅10-7 g/s resulting in the cavity formation with average cavity 

size of 678 μm (Figure 4). The pH value increases to 1.14. 

During the first 5 h the cavities with the average cavity size of 16 μm were formed at the surface of the sample 

2. The cavities form with the rate of 3.67⋅10-7 g/s (Figure 4). The solution pH value decreases to 0.35  

(Table 2). After 24 h the cavities with the average cavity size of 346 μm were formed with rate of 2.12⋅10-7 g/s 

(Figure 4). The pH value of the solution increases to 0.65 (Table 2). After 48 h of exposure the microstructure 

degradation rate decreases to 1.65⋅10-7 g/s while average cavity size increases to 539 μm (Figure 4). The 

solution’s pH value increases to 1.31 (Table 2). Towards the end of the exposure the microstructure 

degradation rate decreases to 1.22⋅10-7 g/s resulting in the cavity formation with average cavity size of 588 μm 

(Figure 4). The pH value increases to 1.59. 
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The results of the measurements indicate the constant increase in average cavity size and pH value with the 

increase in corrosion exposure time. On the other hand the microstructure degradation rate decreases with 

the increase in exposure time. Compared to sample 2, the sample 1 shows more significant microstructure 

degradation and higher corrosion rate at 5 h and 72 h.  

4. CONCLUSION 

In order to estimate the influence of eutectic βSi particle size and distribution on the microstructure degradation 

in corrosive environment, AlSi12 alloy with modified and unmodified morphology of eutectic (αAl + βSi) was 

produced. 

The microstructural analysis indicated the formation of cavities in both samples. The cavities initiated at the 

exposed surface and progressed deeper into the material affecting the eutectic (αAl + βSi). The most significant 

microstructure degradation was observed in the central zone of the sample 2 with the smallest average particle 

size of βSi particle 1.0 μm. On the other hand, the unmodified eutectic (αAl + βSi) with average particle size of 

βSi particle 5.3 μm, located in surface zone of the sample 2, was not visually affected by the microstructural 

degradation. The dendritic network of primary αAl phase was not visually affected by the microstructural 

degradation. The average cavity size increases with the increase in the exposure time. The microstructure 

degradation rate decreases with the increase in pH value. 

Performed investigation indicated that shorter modification (10 min) shortened the solidification interval and 

encouraged the natural solidification conditions (without solid-liquid interface). Those conditions comprehend 

homogeneous microconstituents distribution, smaller in size (Sample 1). As a part of eutectic phase, fibrous 

βSi was more resistant to corrosion environment till 24 h of exposure, according to cavity depth measurement. 

ACKNOWLEDGEMENTS   

Investigations were performed within the research topic “Design and Characterization of Innovative 
Engineering Alloys”, Code: FPI-124-2019-ZZB funded by University of Zagreb and infrastructural 
scientific project: Center for Foundry Technology, Code: KK.01.1.1.02.0020 funded by European 

Regional Development Fund. Personal gratitude goes to the Mrs. Milici Marjanović for her assistance 
in the experiment. 

REFERENCES 

[1] ŠĆEPANOVIĆ, J., ASANOVIĆ, V., RADONJIĆ, D., VUKSANOVIĆ, D., HERENDA, S., KORAĆ, F. BIKIĆ, F. 

Mechanical properties and corrosion behavior of Al-Si alloys for IC engine. Journal of the Serbian Chemical 
Society. 2019, vol. 84, no. 5, pp. 503-516. 

[2] BERLANGA, C., BAKEDANO, A., DE CIRIZA, A. PEREZ RIVERO, P. J., MENDEZ, S., RODRIGUEZ, R., 
NIKLAS, A. Evaluation of the corrosion resistance of a new AlSi10MnMg(Fe) secondary alloy. Materials Today: 

Proceedings. 2018, vol. 10, pp. 312-318. 

[3] ARTHANARI, S., JANG, J. C., SHIN, K. S. Corrosion performance of high pressure die-cast Al-Si-Mg-Zn alloys in 

3.5 wt% NaCl solution. Journal of Alloys and Compounds. 2018, vol. 783, pp. 494-502. 

[4] DUYGUN, I. K., HAPÇI AĞAOĞLU, G., DISPINAR, D., ORHAN, G. Time-dependent corrosion properties of Sr-

modified AlSi9 alloy analyzed by electrochemical techniques. Journal of Alloys and Compounds. 2019, vol. 803, 
pp. 786-794. 

[5] STJOHN, D., MCDONALD, S., DARLAPUDI, A. A new perspective on the nucleation, growth morphology and 
modification of the silicon phase during the formation of eutectic Al-Si grains. JoM. 2019, vol. 71, no. 1, pp. 391-

396, 2019. 

[6] KRUGLOVA, A., ROLAND, M., DIEBELS S., DAHMEN, T., SLUSALLEK, P., MÜCKLICH, F. Modelling and 

characterization of ductile fracture surface in Al-Si alloys by means of Voronoi tessellation. Materials 
Characterization. 2017, vol. 131, pp. 1-11.  



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1000 

NANOPOWDERS OF R2Fe14B-TYPE COMPOUNDS IN HIGH MAGNETIC FIELDS: THE 
EFFECTS OF SUBSTITUTIONAL AND INTERSTITIAL ATOMS ON INTER-SUBLATTICE 

EXCHANGE INTERACTION 

1,2,3Michael PAUKOV, 4Lev IVANOV, 4Irina TERESHINA, 3,5Evgenia TERESHINA-CHITROVA, 
6Denis GORBUNOV, 3Alexander ANDREEV, 4Alexander PYATAKOV, 4Sergey GRANOVSKY, 

7Mathias DOERR, 8 Henryk DRULIS 

1Nuclear Fuel Cycle Department, Centrum Vyzkumu Rez, Husinec-Rez, Czech Republic, EU, 

Mykhaylo.Paukov@cvrez.cz 

2Immanuel Kant Baltic Federal University, Kaliningrad, Russia 

3Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic, EU 

4Faculty of Physics M.V. Lomonosov Moscow State University, Moscow, Russia 

5Institute of Physics ASCR, Prague, Czech Republic, EU 

6Hochfeld-Magnetlabor Dresden (HLD-EMFL), Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany 

7Technische Universität Dresden, Dresden, Germany, EU 

8Institute of Low Temperatures and Structure Research, Polish Academy of Sciences, Wroclaw, Poland, EU 

https://doi.org/10.37904/metal.2020.3597 

Abstract 

The fundamental magnetic characteristics of R2Fe14B intermetallics are highly sensitive to atomic substitutions 

and interstitial absorption of light elements. In this work, both were combined, and the influence of the 

substitutions in the R-sublattice and hydrogen absorption on the magnetization of (RR’)2Fe14BHx (R is Tm or Er, 

and R’ is Nd) in magnetic fields up to 58T was studied. (Tm0.5Nd0.5)2Fe14B and (Er0.5Nd0.5)2Fe14B were prepared. 

By using direct hydrogen absorption, (R0.5Nd0.5)2Fe14BHx compounds were obtained with hydrogen content 

0≤x≤5.5. Magnetic measurements of both the parent alloys and their hydrides were carried out on 

nanopowders. The strength of the inter-sublattice coupling in (Tm0.5Nd0.5)2Fe14B, (Er0.5Nd0.5)2Fe14B and their 

hydrides is estimated by analysing high-field magnetization data. Itis shown that hydrogenation weakens the 

inter-sublattice exchange interaction up to 45 %. (Tm0.5Nd0.5)2Fe14B, with the maximum hydrogen content of 

5.5 at.H/f.u., reaches the field-induced ferromagnetic state at about 55 T.  

Keywords: Rare earth, intermetallic, powder metallurgy, magnetism in solids, hydride 

1. INTRODUCTION 

The magnetism of rare-earth (R)-iron intermetallic compounds is very important due to the large application 

potential of these materials. Compounds R2Fe14B are used to prepare high-performance permanent magnets 

[1-5]. It is well known that the R and Fe moments are ordered ferro- or ferrimagnetically depending on the rare 

earth [6]. The magnetic moment of light Rs is rather small (~3 B/atom for Nd) but is parallel to the magnetic 

moment of Fe. It is for this reason that light rare-earth-iron intermetallics are mainly used as materials for 

permanent magnets [7]. The magnetic moment of heavy Rs is larger (10, 10, 9 and 7 B/atom for Dy, Ho, Er and 

Tm, respectively), but it aligns antiparallel to the Fe magnetic moment. The magnetic behaviour of heavy R (or a 

mixture of heavy and light Rs) intermetallics with Fe is more interesting because various field-induced transitions 

can be expected in sufficiently external magnetic fields. The complete magnetization process ending with a field-

induced ferromagnetic state often requires fields as high as tens or hundreds of Tesla [8]. 
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Fundamental magnetic characteristics such as Curie temperature (TC) and magnetic anisotropy of R2Fe14B 

are highly sensitive to both atomic substitutions and absorption of light elements, e.g., hydrogen, which can 

be readily absorbed by the materials [9]. Hydrogen decrepitation (HD) and hydrogen disproportionation, 

desorption and recombination (HDDR) are two processes employed in the production of the permanent magnet 

[10]. Hydrogenation is beneficial not only to TC (increasing it dramatically) in R2Fe14B but also to the experiment 

on the magnetization study itself. Hydrogenation usually decreases the inter-sublattice R-Fe exchange and 

thus lowers the transition fields [11]. Besides, it is advantageous to perform experiments on the Tm-containing 

compounds since thulium has a Landé factor closest to unity and it needs the smallest magnetic field to reach 

the field-induced ferromagnetic state [8,12]. 

The strength of the R-Fe exchange coupling can be determined experimentally by several methods (neutron 

scattering, Mossbauer spectroscopy, by analysing the Curie temperatures, etc.). When single crystals are 

available, this coupling can be derived by analysing high-field magnetization measured along the main 

crystallographic directions. Hydrides are usually powdered for such studies; here, the high-field free-powder 

method can be employed [13]. 

This work presents the unique results of the investigation of magnetization processes in multicomponent 

compounds (Tm0.5Nd0.5)2Fe14B, (Er0.5Nd0.5)2Fe14B and their hydrides with different hydrogen contents in a wide 

temperature range and, most importantly, using high magnetic fields. Equally important is the fact that 

hydrogen can occupy different lattice sites in the tetragonal Nd2Fe14B crystal structure [14]. In this respect, the 

studies of magnetic properties of compounds with different hydrogen contents and, therefore, with different 

lattice sites occupied by hydrogen are of special interest. For the materials under study, the inter-sublattice 

coupling strength was estimated, which cannot be done using weak (up to 14T) magnetic fields. 

2. EXPERIMENTAL 

Single crystals of the parent (Tm0.5Nd0.5)2Fe14B and (Er0.5Nd0.5)2Fe14B compounds were grown by a modified 

Czochralski method. Afterwards the hydrogenation of the materials was performed [11]. We obtained powder 

hydrides (Tm0.5Nd0.5)2Fe14BHx (x=1.7; 3; 4 and 5.5) and (Er0.5Nd0.5)2Fe14BHx (x=3; 4.5 and 5.5). The phase 

composition of the samples was determined by standard X-ray powder diffraction at room temperature. 

Analysis of the diffraction patterns was performed using a refinement package FullProf. X-ray diffraction 

studies indicate that the investigated alloys have a tetragonal structure of the Nd2Fe14B type (space group 

P42/mnm).The amount of absorbed hydrogen was calculated from the change of pressure in the reaction 

chamber (volumetric method). A commercial magnetometer (Quantum Design PPMS-14) was used for 

magnetization measurements in steady magnetic fields up to 14 T, and at temperatures between 4.2 and 80 K. 

High-field magnetization measurements up to 58 T were performed using a coaxial pick-up coil system at the 

Dresden High Magnetic Field Laboratory. Measurements of both parent alloys and their hydrides were carried 

out on nanopowders (average grain diameter below 200 nm). 

3. RESULTS AND DISCUSSIONS 

The parent (Tm0.5Nd0.5)2Fe14B and (Er0.5Nd0.5)2Fe14B compounds have a tetragonal Nd2Fe14B-type crystal 

structure with lattice parameters a = 0.876 nm, c = 1.206 nm and a = 0.877 nm, c = 1.206 nm, respectively. 

Figure 1 compares the concentration dependencies of the unit-cell volume of (Tm0.5Nd0.5)2Fe14BHx and 

Tm2Fe14BHx systems (the latter is adopted from [11]). The V(x) grows linearly with the hydrogen content x 

while the tetragonal crystal structure type remains preserved in both series. It is known [14] that hydrogen can 

occupy different lattice sites in the tetragonal Nd2Fe14B crystal structure following a certain filling scheme. 

For x<1.5, the 8j positions are likely to be occupied. The filling of the other sites (16k(1), 16k(2), 4e) begins at 

higher hydrogen contents x>1.5, i.e., when the 8j positions are fully occupied. 
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Figure 1 The unit cell volume V of (Tm0.5Nd0.5)2Fe14BHx and Tm2Fe14BHx 

Figure 2 shows magnetic hysteresis loops for (Tm0.5Nd0.5)2Fe14B and (Er0.5Nd0.5)2Fe14B and their hydrides 

having the maximum hydrogen content of 5.5 at.H/f.u., measured in steady magnetic fields at 4.2 K. Although 

the hydrides demonstrate magnetization values of about 7 % higher than the parent compounds, the 

magnitude of the coercive field is not affected by hydrogenation. 

 

Figure 2 Magnetic hysteresis loops for (Tm0.5N0.5)2Fe14BHx (a) and (Er0.5Nd0.5)2Fe14BHx (b) compounds with 

x = 0 and 5.5 at./f.u. at 4.2 K 

 

Figure 3 Field dependencies of magnetization for (Tm0.5N0.5)2Fe14BHx (a) and (Er0.5Nd0.5)2Fe14BHx (b) 

compounds with x = 0; 3 and 5.5 at./f.u. at 4.2 K. 
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Figure 3 shows field-dependent magnetization of the compounds (R0.5Nd0.5)2Fe14BHx (R=Tm (a) and Er (b), 

x=0; 3; 5.5), measured in pulsed magnetic fields up to 58T at 4.2 K. While the parent compounds reach 

saturation in relatively low fields, we observe a significant growth for the hydrides at 30-40 Т beyond these 

values. The field where the growth begins is denoted 0 Hcr1 in Figure 3. The shape of the M(H) curves in fields 

exceeding 0 Hcr1 is different for the Tm- and Er-containing compounds. For (Er0.5Nd0.5)2Fe14BH5.5, the growth 

is rather smooth (concave) while for (Tm0.5Nd0.5)2Fe14BH3 and (Tm0.5Nd0.5)2Fe14BH5.5 we observe an inflection 

in the M(H) curves (convex curves). For (Tm0.5Nd0.5)2Fe14BH5.5, with the maximum hydrogen content, the 

magnetization stopped increasing when the compound reached a field-induced ferromagnetic state. This 

occurs at the second critical transition field 0 Hcr2 (also shown in Figure 3). Figures 4 and 5 allow us to 

observe the temperature evolution of the M(H) curves for the Tm-containing hydrides (Tm0.5Nd0.5)2Fe14BH3 and 

(Tm0.5Nd0.5)2Fe14BH5.5. The M(H) curves became straight at increasing temperatures above 4.2 K. 

 

Figure 4 Field dependencies of magnetization for (Tm0.5Nd0.5)2Fe14BH5.5 at different temperatures: 

(a) T = 40 K, (b) T = 60 K, (c) T = 70 K, (d) T = 80 K 

For R2Fe14B-H systems, 0Hcr1 (and 0Hcr2) values allow us to estimate the parameter of the inter-sublattice 

exchange interaction,, using the following expressions [15-17]: 

  (1) 

  (2) 

where and are the magnetizations of the Fe and R sublattices, respectively. The calculated values 

for R2Fe14BHx (R = Tm, Er, x = 0, 5.5) with the use of literature data [18,19] are shown in Table 1. To evaluate 

the parameter  of the inter-sublattice exchange interaction for the compound with partial substitution of Nd 

atoms for Tm (or Er), we used a modified expression for Hcr1: 

  (3) 

 1 2cr Fe RH M M  

 2 2cr Fe RH M M  

FeM RM

 1cr Fe RH M M   
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where . Here  and  are the exchange parameters and susceptibility of the Nd 

sublattice, respectively [17]. According to our estimation, the product  does not exceed 0.1. Table 1 

also shows data for the parent compounds and their hydrides.0Hcr2 values were calculated using the 

expression: 

  (4) 

 

Figure 5 Field dependencies of magnetization for (Tm0.5Nd0.5)2Fe14BH3 at different temperatures: 

(a) T = 4.2 K, (b) T = 20 K, (c) T = 40 K, (d) T = 60 K 

Table 1 Magnetic characteristics of the compounds 

Compounds MFe,B λ (T/B) μ0 Hcr1 (T) 
(exp.) 

μ0 Hcr1 (T) 
(calc.) 

μ0 Hcr2 (T) 
(exp.) 

μ0 Hcr2 (T) 
(calc.) 

Tm2Fe14B 31.4 2.3 40 - 95 104 

Tm2Fe14BH5.5 33.6 1.28 25 - 60 61 

Er2Fe14B 31.4 3.3 45 - - 163 

(Tm0.5Nd0.5)2Fe14B 31.4 2.3 - 58 - 87 

(Tm0.5Nd0.5)2Fe14BH5.5 33.6 1.28 30 34 55 51 

(Er0.5Nd0.5)2Fe14B 31.4 3.3 - 76 - 130 

(Er0.5Nd0.5)2Fe14BH5.5 33.6 1.65 42 - 74* 70 

* Value obtained by extrapolating M(H) to a field-induced ferromagnetic state 

We observe a good agreement between the experimental and theoretical values of the critical transition fields 

for all compounds, thus validating the theoretical approach and simple mean-field model [15-17]. For R2Fe14B, 

upon the substitution of one-half of Nd atoms for Tm (or Er), the parameter  of the inter-sublattice exchange 
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interaction does not change [20,21]. For hydrides of R2Fe14B and (R0.5Nd0.5)2Fe14B, a significant ~45 % 

decrease of the parameter  takes place. 

4. CONCLUSION 

Hydrogenation is an efficient tool to tune the strength of the R-Fe exchange coupling in substituted 

(R0.5Nd0.5)2Fe14B (R =Er, Tm) compounds. Our results show that there is a ~ 45 % decrease in the strength of 

R-Fe exchange in the hydrides with maximum content hydrogen. It was found that the unit cell volume grows 

linearly with the hydrogen content x. The hydrogen occupation of different positions does not have a noticeable 

effect on the structural and magnetic properties: their change occurs smoothly. Nd2Fe14B magnets with added 

heavy rare-earth elements when operating in an aggressive hydrogen-containing medium can change their 

functional properties as the absorbed hydrogen content increases. Similar studies conducted for a wide class 

of substituted compounds (Nd,R)2Fe14B would be very important (e.g. for R = Dy). 
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Abstract  

The paper presents the results of testing a composite based on Al2O3 with the addition of zirconium oxide ZrO2 

of 0 %, 5 %, 10 %, 15 %, and 20 %. ZrO2 powder was stabilized with 8% mol Y2O3. The composites were 

made by compaction of the mixed powders at 60 kN with subsequent sintering of the obtained moulded pieces 

at 1600 °C for five hours. The examinations of the composites included: determination of density and porosity, 

microscopic examination, X-ray diffraction (XRD), hardness measurements by the Vickers method, and 

determination of crack resistance. Microscopic examinations were carried out using scanning electron 

microscopy (SEM). A SEIFERT 3003 T-T X-ray diffractometer and radiation of a cobalt anode lamp were used 

to examine the phase composition. 

Keywords: Al2O3/ZrO2 composites, XRD phase analysis, mechanical properties  

1. INTRODUCTION 

The development of modern civilization stimulates the demand for new materials with increasingly better 

properties and improving the properties of materials already known by modifying their chemical composition 

and structure. Technologies for the production of materials can be based on sintering powders, applying 

various types of coatings, and modification of the material surface (for example, using a concentrated energy 

source) [1-6]. The materials produced in this way offer an interesting alternative that can be used not only in 

the energy, aviation, and engineering industries (high-strength cutting tools) but also in medicine for medical 

tools or implants [7-10]. In addition to high bio-tolerance in the environment of tissues and body fluids, high 

hardness, and abrasion resistance, biomedical materials produced by sintering powders are also characterized 

by porosity which allows them to be overgrown by tissues and form durable connections. The materials in 

which Al2O3 and ZrO2 are used play an important role in this respect due to their high biological neutrality [11-

14]. In addition, ZrO2 phase has unique properties associated with the transformations it undergoes during 

temperature changes. Of all ZrO2 modifications, the most desirable is the tetragonal modification, as it is stable 

at high temperatures. However, stability can be maintained at room temperature by adding stabilizers such as 

yttrium oxide Y2O3. The occurrence of the tetragonal modification of ZrO2 at ambient temperature in materials 

where its addition is used may lead to the change in their properties due to the phenomenon of toughening 

transformation of the phase [15].  

2. MATERIAL AND METHODS 

To obtain composites, the mixtures of powders with 0 %, 5 %, 10 %, 15 %, and 20 % ZrO2 were weighed and 

then mixed for 4 hours. The prepared powders were compacted uniaxially, with its diagram shown in  

Figure 1. The compaction pressure was 60 kN whereas the compaction rate was 50 Ns-1.   
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Figure 1 Diagram of uniaxial compaction [16] 

The obtained moulded pieces were then subjected to sintering at 1600 °C for five hours. The examinations of 

the composites included: 

 examinations of phase composition using X-ray diffraction (XRD) with a cobalt anode lamp with a 

wavelength of λCo = 0.17902 nm 

 microscopic examinations using a scanning electron microscope (SEM) 

 hardness measurements using the Vickers method carried out with a loading force of 98.07 N and 

determination of crack resistance coefficient. 

 determination of density and porosity of composites using a hydrostatic balance. 

3. RESULTS AND DISCUSSION 

The powders used for testing had different particle morphology. In the case of Al2O3, the particles were of an 

irregular shape, while the ZrO2 powder was characterized by a spheroidal shape, see Figure 2. 

 

Figure 2 Powders used to make a composite: (a) Al2O3, (b) ZrO2 + 8 mol% Y2O3 

One of the most important properties of sintered materials is their density and porosity. The results obtained 

in this study showed that the density of the composites slightly decreased with the increasing content of 

zirconium phase, which resulted in an increase in porosity of the obtained composites, see Figure 3.     
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Figure 3 Measurement results: (a) apparent density, (b) open porosity, and (c) total porosity, depending on 

the ZrO2 phase content in the composite 

The increase in porosity is affected, among other things, by the difference in the shape of the powder particles 

used to obtain the composite. The investigations using the scanning electron microscope showed that irregular 

shapes of Al2O3 particles form a certain amount of free space between each other already in the matrix. The 

effect of an increase in the level of porosity of the composite may be additionally intensified at the interface 

between particles of Al2O3 with ZrO2 with different shape morphology. Furthermore, despite quite a long time 

of powder mixing, the non-uniform distribution of the ZrO2 phase particles in the matrix was observed, see 

Figure 4. 

 

Figure 4 Example microstructure of the composite of Al2O3 - 15 % ZrO2 (a-c), distribution of elements in the 

composite Al2O3 - 15% ZrO2: d) Al, e) Zr, f) O 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1010 

The X-ray phase analysis showed that in the obtained composites, no reactions leading to the formation of 

new phases occurred during the sintering process, but it was found that the addition of a stabilizer in the form 

of Y2O3 allowed for obtaining the tetragonal modification of ZrO2 at ambient temperature, see Figure 5. 

Figure 5 Example of X-ray diffraction obtained for the Al2O3 + 15 % ZrO2 composite 

In order to determine the effect of the addition of ZrO2 on mechanical properties, hardness was measured 

using the Vickers method, and then KIC crack resistance coefficient was determined based on the analysis of 

Vickers indentation. There is no unambiguous standardized method of crack resistance assessment with the 

use of Vickers' pyramid, but the one proposed by Niihare and Antis has been used most frequently [17,18]. 

The value of Young's modulus of E = 378 GPa for the Al2O3/ZrO2 composite was adopted for calculations as 

determined and proposed in the paper [19]. The results of hardness and crack resistance tests are shown in 

Figure 6.  

 

Figure 6 Measurement results: a) hardness, b) crack resistance 

The data presented in Figure 6 show that the increasing content of the ZrO2 phase causes a decrease in 

hardness of the composites obtained and may have an effect on e.g. composite porosity. At the same time, a 

slight increase in crack resistance was observed along with an increase in the amount of the ZrO2 phase. The 

increase in the KIC coefficient can be explained by the fact of toughening transformation. This phenomenon 

consists in that the tetragonal phase ZrO2 occurs in the structure in a metastable state, whereas the appearing 

cracks generate stresses, leading to the local transformation of the tetragonal modification into a monoclinic 

ZrO2 modification. This transformation generates a local increase in the volume of the inclusions that are likely 

to block the formed gap. A similar effect was observed in the study [20], where it was found that the addition 

Al2O3 
ZrO2 (t) 
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of 10 mol% ZrO2 do Al2O3 caused a decrease in hardness compared to pure Al2O3, with a simultaneous 

increase in crack resistance.      

4. CONCLUSION 

The results of the study lead to the following conclusions: 

 with the increase in the amount of ZrO2 phase, the density of the composites decreases, 

 the addition of zirconium phase modifies composite porosity, 

 the hardness of the composites decreased with an increase in the ZrO2 phase content; at the same 
time, an increase in crack resistance coefficient KIC was observed.  
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Abstract 

The results of experimental studies of the extraction of insoluble aluminum (III) compounds from aqueous 

solutions in the presence of surfactants of various nature and alkaline earth metal ions (Mg2+, Ca2+, Ba2+) by 

the electroflotation method are being explained in this study. A comparative analysis of the influence of these 

components on the efficiency of electroflotation extraction of aluminum (III) hydroxide is carried out. It was 

found that the presence in the solution of Mg2+, Ca2+, Ba2 + at a concentration of 0.5 g/l decreases the extraction 

degree of Al(OH)3 by electroflotation from 92 % for Mg2+ to 31, Ca2+ to 23%, Ba2+ to 28% during electroflotation 

20 min. Introduction to surfactant systems increases the extraction degree of Al(OH)3 64% for Mg2+, 93 % for 

Ca2+, 95 % for Ba2+. The high effectiveness of surfactants is associated with adsorption on Al(OH)3 and 

hydrophobization of the surface precipitation, which leads to an increase in the degree of electroflotation 

extraction of the dispersed phase. 

Keywords: Wastewater treatment, hydroxide ions of aluminum, magnesium, calcium, barium 

1. INTRODUCTION 

In view of the widespread and ever-increasing use of aluminum in high-tech industries, the problem of treating 

wastewater from its hardly soluble compounds is an urgent task. After being used in various technological 

processes, aluminum has found its application in high-tech alloys [1,2], energy [3,4]. 

Aluminum salts are widely used as coagulants for the treatment of industrial and municipal wastewater, as well 

as in water treatment.  Separately, it is worth highlighting the use of aluminum electrodes in such a method of 

water purification as electrocoagulation [5]. 

During the processing and use of aluminum, wastewater is generated from the washings, which appear after 

the following operations: degreasing with organic solvents and pickling; pickling sludge removal; chemical 

polishing / electrochemical polishing and neutralization; formation of oxide films and filling with dye [6]. 

Electroflotation is an effective and widely studied method for the extraction of finely dispersed colloidal metal 

hydroxide systems. It has been published in a large number of works in the Russian Federation [7] and abroad 

[8]. 

In the practice of wastewater treatment from Fe3+, Al3+, Cr3+, etc. ions, sodium hydroxide or sodium carbonate, 

calcium, magnesium and barium hydroxides are widely used as reagents. Classical reagents - sodium 

hydroxide, sodium carbonate, calcium hydroxide have been used in wastewater treatment for many years, 

magnesium hydroxide has been used in the last 3-5 years [8]. 

Chlorides, hydroxides and barium carbonates are increasingly used in industry to remove sulfate ions, as well 

as hexavalent chromium ions in wastewater treatment of galvanic plants, in the form of insoluble compounds 

BaSO4 and BaCrO4. 
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When these reagents are introduced to form precipitates of Fe, Cu, Al, Cr, Ni, and other metal hydroxides at a 

high concentration in solutions, primarily soluble magnesium and calcium ions are accumulated, which can 

affect sedimentation, filtration, and flotation processes. 

It was previously noted that when the concentration of soluble salts of magnesium and calcium is up to 0.5 g/l, 

the process of electroflotation of hydroxides Cu, Zn, Ni proceeds less efficiently, the degree of cure is reduced 

by 1.5 - 2 times technical solutions to increase the efficiency of electroflotation is not an offer. 

This work presents for the first time the results of an experimental study of the effect of magnesium, calcium, 

and barium ions on the electroflotation process of treating aluminum (III) hydroxide in the presence of 

surfactants of various natures. The electroflotation extraction of aluminum (III) hydroxide was selected as a 

model system, which is implemented in practice in electroflotation, electroflotocoagulation and 

electrocoagulation is often found in wastewater treatment. 

2. MATERIALS AND RESEARCH METHODS 

The studies were carried out on model solutions containing aluminum (III) ions and magnesium, calcium and 

barium ions, as well as surfactants of anionic, cationic and nonionic nature. Sodium chloride at a concentration 

of 1 g/l was used as an electrolyte to create a constant ionic strength. 

Model wastewater was cleaned by electroflotation using a laboratory setup consisting of a HY 1803D constant 

current source, a 500 ml non-flow electroflotator with a cross-sectional area of 10 cm2 and a device height of 

80 cm with an insoluble ORTA anode and a 12x18H10T stainless steel cathode according to the method 

described in the literature [7]. The scheme of the laboratory electroflotation plant of periodic action is presented 
in Figure 1. 

 

Figure 1 Scheme of a laboratory electroflotation unit of periodic action,1- direct current source; 2- anode;  

3-cathode; 4-valve; 5 - electric flotation column 

The efficiency of the electroflotation process was evaluated by the degree of extraction α (%), which is 

calculated by the formula: 

� � �����������
����

� 100 %              (1) 

where: α - degree of extraction (%); Сini-initial concentration of the dispersed phase in the aqueous medium 

(mg/l); Сfin - final concentration of the dispersed phase in the aqueous medium (mg/l). 
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The concentration of metal ions was determined by the atomic adsorption method in the D. M. Mendeleev 

Central research center. 

In some cases, after electroflotation purification, an additional filtration of the solution was carried out using 

anesthetized filters. «Blue ribbon» ТУ 2642-001-13927158-2003 (pore diameter ~ 1 μm). 

For conducting experiments on electroflotation extraction, dispersed systems of AlCl3 x 6H2O with a 

concentration of 100 mg/l in aqueous solutions, in the presence of surfactants of various natures, metal salts 

(MgSO4·7H2O, CaCl2, BaCl2·2H2O,) were prepared as a background electrolyte-NaCl with a concentration of 

1 g/l. 

In the experiments, surfactants of various natures were used: cationic surfactant HEV 70 

(Didecyldimethylammonium chloride), anionic surfactant (sodium didecylsulfate, NaDDS) and non-ionic 

surfactant ALM-10 (a mixture of primary hydroxyethylated synthetic higher fatty alcohols of fractions C12 - C14) 

at a concentration of 5 mg/l. 

3. RESULTS AND DISCUSSION 

At the first stage of research, experiments were conducted on the electroflotation extraction of insoluble 

aluminum (III) hydroxides in the presence of magnesium ions (Mg2+) from aqueous NaCl solutions. The results 

are presented in Table 1.  

Table 1 The effect of Mg2+ ions on the kinetics of electroflotation extraction of aluminum (III) hydroxides 

Me(OH)3 

(Me - Metals) 
Electroflotation time 

(min) 

Degree of extraction Al(OH)3 α (%) 

without  
surfactant 

cationic 
surfactant 

anionic 
surfactant 

nonionic 
surfactant 

 

Al(OH)3 

5 75 80 82 74 

10 80 85 90 85 

20 92 94 96 90 

 

Al(OH)3 + Mg2+ 

 

5 11 28 40 35 

10 27 40 43 52 

20 31 54 51 64 

Experiment conditions: c(Al3+) = 100 mg/l; c(Mg2+) = 0.5 g/l;c(Surfactant) = 5 mg/l;c(NaCl) = 1 g/l; iv = 0.4А/l;  

рН = 7. 

It was noted that in the absence of surfactants without the addition of magnesium ions, the electroflotation 

process is very effective; the degree of extraction of aluminum (III) in 20 minutes reaches 92 %. In addition, 

the presence of various surfactants (cationic, anionic and nonionic types) electroflotation process changes 

slightly, the degree of extraction reaches 94 - 96 % after 20 minutes of the electroflotation process. With the 

introduction of a system of magnesium ions, the degree of extraction decreases after 20 minutes, reaching 

31 %. Also revealed decrease in the speed of the electroflotation process, as evidenced by the data for the 

first 5 and 10 minutes of treatment. It was noted earlier that due to the adsorption of Ca2+ and Mg2+ ions on 

Cu, Ni, and Zn hydroxides, the degree of extraction decreases. 

At the next stage, the effect of other metals on the electroflotation extraction of insoluble aluminum (III) 

compounds in the presence of surfactants was studied (Tables 2 and 3). 

It was found that calcium ions negatively affect the electroflotation process, the degree of extraction decreases 

to 23 %, which indicates a stronger effect of Ca2+ ions than Mg2+. When a surfactant is introduced into the 

system, the electroflotation process proceeds more effectively, which allows achieving the high degree of 
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extraction 90 % - 95 %. As already noted, Ba2+ ions are often used to remove SO42-, CrO4- anions from galvanic 

wastewater from another country. Ba2+ ions remain in solutions and can precipitate the flotation and 

sedimentation processes. 

Table 2 The effect of Ca2+ ions on the kinetics of electroflotation extraction of aluminum (III) hydroxides 

Me(OH)3 

(Me - Metals) 

Electroflotation time 
(min) 

Degree of extraction Al(OH)3 α(%) 

without  
surfactant 

cationic 
surfactant 

anionic 
surfactant 

nonionic 
surfactant 

 

Al(OH)3 

5 75 80 82 74 

10 80 85 90 85 

20 92 94 96 90 

 

Al(OH)3 + Ca2+ 

 

5 17 65 80 72 

10 18 80 82 80 

20 23 92 92 93 

Experiment conditions: c(Al3+) = 100 mg/l; c(Ca2+) = 0.5 g/l; c(Surfactant) = 5 mg/l;c(NaCl) = 1 g/l; iv = 0.4 А/l; 

рН = 7. 

Table 3 shown the data on the effect of Ba2+ ions on the kinetics of the electroflotation process for the extraction 

of Al(OH)3 in the presence of surfactants. 

Table 3 The effect of Ba2+ ions on the kinetics of electroflotation extraction of aluminum (III) hydroxides 

Me(OH)3 

(Me - Metals) 

Electroflotation time 
(min) 

Degree of extraction Al(OH)3 α, % 

without  
surfactant 

cationic 
surfactant 

anionic 
surfactant 

nonionic 
surfactant 

 

Al(OH)3 

5 75 80 82 74 

10 80 85 90 85 

20 92 94 96 90 

 

Al(OH)3 + Ba2+ 

 

5 18 80 90 81 

10 20 84 92 85 

20 28 90 93 96 

Experiment conditions: c(Al3+) = 100 mg/l; c(Ba2+) = 0.5 g/l; c(surfactant) = 5 mg/l;c(NaCl) = 1 g/l; iv = 0.4 А/l; 

рН = 7. 

Analyzing the data of Table 3, it was found that the rate of the Al(OH)3 extraction process decreases in the 

presence of Ba2+ ions, and the process is more inhibited with an increase in their concentration. The 

introduction of barium ions negatively affects the process of electroflotation in the absence of surfactants; the 

degree of extraction does not exceed 28 % in 20 minutes of electroflotation. In the case of the presence of 

cationic surfactantandnonionic surfactant in the system, the electroflotation extraction of aluminum (III) 

hydroxide is sharply intensified when barium ions are introduced, the degree of extraction after 20 minutes of 

treatment reaches 90 - 96 %. At the same time, the influence of barium ions together with anionic surfactants 

has a positive effect on the electroflotation extraction; the degree of extraction exceeds 90 % already in the 

first 5 minutes of treatment. The effect of anionic surfactants on the kinetics of electroflotation extraction of 

aluminum (III) hydroxide in the presence of calcium, magnesium and barium ions is shown in Figure 2. 

In a system without metal ions and surfactant additives, the extraction of aluminum (III) hydroxides proceeds 

efficiently regardless of the nature of the surfactant. With the introduction of magnesium ions, the process is 
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substantially suppressed. These effects are associated with Mg2+ adsorption on Al(OH)3 precipitates, which 

leads to a change in the electro kinetic ζ - potential of the particles and to an increase in the positive charge. 

The maximum flotation activity is possessed by uncharged particles of the ζ - potential, which are closer to 

zero. 

 

Figure 2 The effect of anionic surfactants on the kinetics of electroflotation extraction of insoluble  

Al3+ compounds in the presence of ions Mg2+, Ca2+, Ba2+ 

Note: experimental conditions: c(Al3+) =100 mg/l; c(NaCl) = 1 g/l; c(Mg2+) = 0.5 g/l; c(Ca2+) = 0.5 g/l; c(Ba2+) = 

0.5 g/l; pH = 7; c(surfactant) = 5 mg/l; iv = 0.4 А/l,1 - Al(OH)3+ anionic surfactants; 2 - Al(OH)3 + Mg2+; 3 - 

Al(OH)3 + Ca2+; 4 - Al(OH)3 + Ba2+; 5 - Al(OH)3 + Mg2+ + anionic surfactants; 6- Al(OH)3 + Ca2+ + anionic 

surfactants; 7 - Al(OH)3 + Ba2+ + anionic surfactants; 

According to the results of experimental studies, it was found that calcium and barium ions with anionic 

surfactants positively affect the kinetics of the electroflotation extraction of insoluble aluminum (III) compounds. 

The comparative effect of the nature of surfactants on the efficiency of electroflotation extraction of aluminum 

(III) hydroxides is shown in Figure 3. 

 
Figure 3 The effect of magnesium, calcium and barium ions on the efficiency of electroflotation extraction 

of aluminum (III) hydroxides in the presence of various surfactants; c(Al3+)= 100mg/l; c(Mg2+) = 0.5 g/l; 

c(Ca2+) = 0.5 g/l; c(Ba2+) = 0.5 g/l; c(NaCl) = 1 g/l; c(surfactant) = 5 mg/l; iv = 0.4 А/l; time= 20 min;  

1 - cationic surfactants; 2 - anionic surfactants;3 - nonionic surfactants  
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4. CONCLUSION 

In the course of experimental studies, it was found that the adsorption of magnesium, calcium and barium ions 

reduces the degree of electroflotation extraction of aluminum (III) hydroxide from 92 % to 31 % in the presence 

of magnesium ions, to 21 % in the presence of calcium ions and to 23 % in the presence of barium ions. The 

studied cationic surfactant and non-ionic surfactant have a positive effect on the electroflotation extraction of 

insoluble aluminum (III) compounds in the presence of magnesium ions, the degree of extraction increases 

from 39 % to 64 % in the presence of non-ionic surfactant. The introduction of anionic surfactant has a positive 

effect on the electroflotation process: the degree of extraction increases to 51 % in the presence of magnesium 

ions, to 92 % in the presence of calcium ions and to 93 % in the presence of barium ions, and in some cases 

the process is accelerated. This effect is explained by the adsorption of anionic surfactants on the surface of 

the dispersed phase of aluminum (III) hydroxide, which gives it more hydrophobic properties and increases 

the efficiency of the electroflotation process. 
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Abstract 

The features of electroflotation extraction of a mixture of heavy hydroxides and non-ferrous metals (Fe2+, Ni2+, 

Zn2+, Co2+, Cu2+) from a five-component system in the presence of various background electrolytes were 

studied. The influence of the nature of various background electrolytes on the kinetics of electroflotation 

extraction of the mixture of the studied hydroxides at pH=10 was established. It is shown that the addition of 

NaCl electrolyte can increase the efficiency and stabilize the electroflotation process of extraction of hard-to-

dissolve heavy and non-ferrous metal compounds as part of multi-component systems from the wastewater of 

various electroplating plants, the recovery rate can reach to 99 %. 

Keywords: Electroflotation, filtration, waste water, non-ferrous metals 

1. INTRODUCTION 

Industrial and urban wastewater potentially contains a wide variety of pollutants, some of which are difficult to 

remove in conventional water and wastewater treatment plants. In this regard, several alternative methods for 

cleaning contaminated water have been proposed to ensure the safety of water for human consumption and 

to meet environmental needs. Among the methods used to effectively separate the solid phase from the liquid 

or one liquid phase from another, electroflotation (EF) is one of the most promising modern technologies [1].  

One of the actual problems is to increase the efficiency of the process of electroflotation (EF) extraction of 

metal hydroxides in multi-component systems. The main approach of electroflotation treatment is associated 

with the formation of metal hydroxides at the first stage, followed by separation of the dispersed phase in the 

process of sedimentation, flotation, filtration [2].  

In the works performed earlier [2,3], it was shown that the presence of organic components of different nature 

in wastewater affects the efficiency of solid-liquid separation processes. Some generalizing materials are 

presented in Table 1. 

Table 1 Efficiency of solid / liquid separation processes in the presence of organic components 

The stage of separation of 
solid phase/liquid 

Surfactant Emulsion Solvent 
Polymer electrolyte 

(flocculant) 

Sedimentation Reduces Reduces No effect Raises 

Microfiltration Reduces Reduces Complicates Reduces 

Flotation Raises Raises No effect Raises 

Electroflotation Raises Raises No effect Raises 

The analysis shows that for waste water containing surfactants, emulsions, solvents, flotation and 

electroflotation has an advantage in the processes of extraction of suspended substances.  
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The purpose of this work is to study the main regularities of the process of electroflotation extraction of a 

mixture of heavy and non-ferrous metal hydroxides in various electrolytes Na2SO4, NaCl, NaNO3. As well as 

determining the optimal conditions for the extraction of a mixture of heavy and non-ferrous metal hydroxides 

with minimal energy consumption and process time, increasing the processing efficiency by using the 

electroflotation process and filtration.  

Model wastewater treatment was carried out by electroflotation using a non-flowing laboratory installation 

according to the method described in the literature [4,5]. 

2. EXPERIMENTAL 

Studies were carried out on model solutions containing iron, Nickel, zinc, cobalt and copper ions and with a 

given concentration of metal ions, Fe2+, Ni2+, Zn2+, Co2+, Cu2+ 20 mg/l (ΣMe 100 mg/l) were added sequentially 

Na2SO4, NaCl, NaNO3, Na3PO4, and Na2CO3 were used as an electrolyte to create a constant ionic force at a 

concentration of 1 g/l. The concentration of metal ions was determined by atomic adsorption method in the D. 

M. Mendeleev Central research center. To completely dissolve the hydroxides after sampling, several milliliters 

of concentrated HNO3 were added to the measuring flask. 

Model wastewater treatment was performed by electroflotation using a laboratory unit consisting of a direct 

electric current source HY 1803D, a 500 ml non-flow electroflotator with a cross-sectional area of 10 cm2 and 

a height of 80 cm with an insoluble ORTA anode and a cathode made of 12X18H10T stainless steel according 

to a well - known method [6 - 15]. 

The efficiency of the electroflotation process was estimated by the degree of extraction (deposition) α (%), 

which is calculated by the formula: 

� � � !"!� #!"�
 !"!

� $%%% ,              (1) 

where: α - degree of extraction (%); Сini - initial concentration of the dispersed phase in the aqueous medium 

(mg/l);Сfin - final concentration of the dispersed phase in the aqueous medium (mg/l). 

Reagents were used to prepare model solutions: FeCl2 x 

4H2O, NiSO4 x 7H2O, ZnSO4 x 7H2O, CoSO4 x 7H2O, 

CuSO4 x 5H2O, Na2SO4, NаCl, NaNO3, Na3PO4, Na2CO3, 

XH. Model solutions were prepared using distilled water. 

In some cases, after electroflotation cleaning, additional 

filtration of the solution was carried out using destitute 

filters "Blue ribbon" TU 2642-001-13927158-2003 (pore 

diameter ~ 1 µm). 

The diagram of a laboratory electroflotation unit of periodic 

action is shown in Figure 1. 

Ph control was performed using a pH meter (ionomer) pH-

410 with standard glass (ESK-1060/7) and silver chloride 

electrodes. pH solution was adjusted to the desired value 

using NaOH and H2SO4 solutions the working area of the 

pH = 10  0.2 units.  

In some cases, after electroflotation cleaning, additional 

filtration of the solution was carried out with the help of 

decontaminated filters "Blue tape" TY 2642-001-

13927158-2003 (pore diameter ~ 1 μm). 

Figure 1 Scheme of a laboratory 

electroflotation unit of periodic action. 1- direct 

current source; 2- anode; 3-cathode; 4-valve; 

5 - electric flotation column 
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In Table 2 experimental results are showing the influence of the nature of the background electrolyte on the 

kinetics of electroflotation extraction of the mixture of the studied hydroxides at pH = 10 and the electroflotation 

time of 5, 10 and 20 minutes. 

Table 2 Influence of the nature of the electrolyte on the degree of electroflotation recovery of a mixture  

    of heavy and non-ferrous metal hydroxides 

Electrolytes 
Electroflotation  

time (min) 

Extraction degree, α (%) 

Fe Ni Zn Co Cu 

Na2SО4 

5 63 84 80 87 82 

10 69 96 92 98 93 

20 75 96 94 97 95 

NaNO3 

5 88 76 90 89 81 

10 95 77 96 97 97 

20 96 81 97 98 97 

Na3PO4 

5 7 10 1 1 1 

10 11 28 3 2 3 

20 17 37 4 4 6 

NaCl 

5 92 89 92 95 94 

10 94 91 95 98 96 

20 96 95 96 99 98 

Na2CO3 

5 93 77 93 96 87 

10 94 84 95 97 94 

20 96 90 97 99 96 

 
Figure 2 Influence of the nature of the electrolyte on the electroflotation extraction of hard-to-dissolve heavy 

and non-ferrous metal hydroxides 
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Experiment Conditions: Fe+2, Ni+2, Zn+2, Co+2, Cu+2 - 20 mg/l, ΣMe 100 mg/l; C (background electrolyte) - 1 g/l; 

pH = 10; iv = 0.4 A/l 

The conducted research shows the principal possibility and high efficiency of the process of electroflotation 

extraction of a mixture of insoluble compounds of iron, nickel, copper, zinc and cobalt in the form of hydroxides. 

It is experimentally established Figure 2 that the degree of recovery for each metal differs under certain 

conditions, the most accurate estimate can be given for the total recovery of ITM. The MPC for Fe, Ni, Zn, Co, 

and Cu ions is at the level of 0.01-0.1 mg/l [1]. Additional filtration after electroflotation allows to achieve a 

recovery rate of α = 99 % for all hydroxides.  

It was found that the highest recovery efficiency (95 - 99 %) was achieved in the conditions of a chloride 

background electrolyte, which is explained by the extraction of a mixture of hydroxides. 

In the phosphate pool, these metals are present in the form of phosphates, whose low recovery efficiency is 

due to their small size (5-10 μm) and high negative electrokinetic potential (-35 mV - 40 mV). 

In the carbonate background, hydrolysis processes occur, difficult-to-dissolve compounds, which also worsen 

the processes of electroflotation extraction.  

3. CONCLUSION  

The intention of this work is to survey the main regularities of the process of electroflotation extraction 

of a mixture of heavy and non-ferrous metal hydroxides in various electrolytes Na2SO4, NaCl, NaNO3. 

The conducted research shows the possibility of electroflotation extraction of a mixture of heavy and non-

ferrous metal hydroxides in various electrolytes with an efficiency of 99 %. 

When using the Na3PO4 electrolyte, iron, nickel, copper, zinc and cobalt hydroxides are excerpted to a low 

degree, the recovery rate is 5 - 20 % in the slightly alkaline region at pH = 10. 

And when using the NaCl electrolyte, iron, nickel, copper, zinc and cobalt hydroxides are extracted to a high 

degree, the recovery rate is 95 - 99 %. 
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Abstract  

In the present work AA7075 alloys with and without Sc, Zr addition after hot deformation were studied. Thermal 

responses of precipitation reactions of hot deformed alloys were studied by differential scanning calorimetry, 

the relative electrical resistivity changes were determined by DC four-point method. The interconnections of 

these two materials characteristics were presented. Thermal and electrical measurements were compared to 

microstructure development that was observed by scanning and transmission electron microscope. Two types 

of eutectic phase were proved at (sub)grain boundaries. In the AA7075-Sc,Zr alloy primary multilayer Al3(Sc,Zr) 

particles precipitated during casting and subsequent cooling. In the thermal curves one exothermic process at 

~ 200 °C and the decrease of relative resistivity changes were observed. Apparent activation energy of this 

process was calculated using by Kissinger method as ~ 100 kJ/mol regardless Sc, Zr addition. Schematic time-

temperature-transformation diagram of the exothermic process was done on the base of calorimetric 

measurements at different heating rates. 

Keywords: Al-based alloys, hot deformation, differential scanning calorimetry, electrical resistometry 

1. INTRODUCTION 

The AA7075 based alloys (AlZnMgCu) are widely used in metalworking and aerospace industries, e.g. Refs. 

[1-4]. These alloys are particularly interesting due to their excellent strength, ductility, high toughness or 

resistance to stress corrosion cracking and damage tolerance [1-5]. Processing (like solution treatment, 

quenching or ageing), appropriate alloying, or a combination of both can be a good tool for controlling most of 

these properties.  

Two decomposition sequences of AlZnMg(Cu) based alloys are known [6-8]: a) supersaturated solid solution 

(SSS) → solute clusters/Guinier-Preston (GP) zones → η´ phase (hexagonal structure) → η phase (MgZn2, 

hexagonal structure), b) SSS → solute clusters/GP zones → T´ phase (hexagonal Al2Zn3Mg3) → T phase 

(cubic Al2Zn3Mg3). The precipitation sequence could be more complicated, the formation of metastable 

precipitates depends on the alloy composition, artificial ageing temperature, ageing time, heat treatment etc. 

[6-9]. It turns out that the precipitation sequence also highly depends on ratio of Zn and Mg addition [7]. 

In most cases, Sc is an effective admixture which can improve the strength, inhibit recrystallization and also 

refine grains [1]. When the content of Sc is increased from 0 to 0.6 wt% then the hardness and also tensile 

and yield strength increase but there could be a problem with a loss in ductility [10]. The reason why Zr together 

with Sc are used as admixtures is the lower price of final alloys nevertheless the mechanical properties are 

comparable to the alloys with only Sc addition [1]. The addition of 2 wt% of Zr to Al alloys 7xxx series also 

leads to the reduction of size of grains (from 1500 to 190 μm) [5]. The improvements of mechanical properties 

of the alloys with both Sc and Zr additions are caused by the precipitation of the secondary Al3(Sc,Zr) particles 

with L12 structure [1,11]. The Al3(Sc,Zr) phase is more stable at higher temperatures than the Al3Sc and/or 
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Al3Zr phase and also has a distinctive hardening effect [1,11,12]. Primary intermetallic particles Al3Sc and/or 

Al3Zr and/or Al3(Sc,Zr) were observed in the cast ingots with Sc, Zr-additions [13-15]. These particles are 

rectangular, triangular and/or polygonal with dimension about 2-5 μm and mostly appear inside (in the centre 

of) the grains [13-15]. These particles in AlZnMgCu-based alloys consist of layers Al3(Sc+Zr) +α-Al + 

Al3(Sc+Zr) + α-Al ... [13-15].  

2. EXPERIMENTAL DETAILS 

Two (in wt%) Al-6.6Zn-3.0Mg-1.9Cu-0.2Fe (AlZnMgCu) and Al-6.2Zn-2.9Mg-1.8Cu-0.2Fe-0.23Sc-0.19Zr 

(AlZnMgCuScZr) alloys were isothermally annealed at 300 °C/60 min and then hot deformed with reduction of 

5 % (HR5) and 10 % (HR10). Hot deformation of the alloys was done on motorized single rolling mills type 

MDM LS120. The degree of deformation was manually adjusted within an accuracy of 0.1 mm. Constant rolling 

speed 4 m/min was used. A high temperature hot plate PZ38-3T with temperature controller was used for 

heating of the alloys. Immediately after heating, the alloys were hot deformed and process was finished by 

quenching into water at room temperature (RT). The entire hot deformation process will not take longer than 

10 seconds. 

The relative electrical resistivity changes Δρ/ρ0 was measured at 78 K by DC four-point method. The effect of 

parasitic thermoelectromotive force was restrained by current reversal. Vickers microhardness (HV) was 

determined at RT on polished samples. Differential scanning calorimetry (DSC) was used for the study of the 

thermal behaviour of the alloys. Measurements were performed at heating rates of 1 - 30 K/min in the Netzsch 

DSC 204 F1 Phoenix apparatus with Al2O3 crucibles. The mass of the samples was between 10-20 mg and 

nitrogen flow of 40 ml/min was used as a protective atmosphere. 

The development of microstructure was investigated by transmission and scanning electron microscopy (TEM 

and SEM). JEOL JEM 2000FX, FEI Quanta 200FEG and MIRA I Schottky FE-SEMH microscopes were used. 

Energy-dispersive spectroscopy (EDS) was carried out using by X-ray BRUKER microanalyser. 

3. RESULTS AND DISCUSSION 

Eutectic phase at subgrain boundaries in the initial state of all 

studied alloys was observed by SEM - see Figure 1. The volume 

fraction of the eutectic phase was very close for both AlZnMgCu and 

AlZnMgCuScZr alloys. Detailed TEM analysis revealed that this 

phase in the AlZnMgCuScZr alloy is a combination of T phase 

(Mg32(Al,Cu,Zn)49) and Mn,Fe,Si-rich phase. Moreover, the S phase 

(Al2CuMg) was observed in the AlZnMgCu, too. Primary multilayer 

Al3(Sc,Zr) particles were observed inside grains in the initial state of 

the AlZnMgCuScZr HR5 and HR10 alloys. In the Figure 1 SEM 

image of the AlZnMgCuScZr HR10 alloy in the initial state is shown, 

one can see eutectic phase at (sub)grain boundaries and the detail 

of primary Al3(Sc,Zr) particles. The average size of primary 

Al3(Sc,Zr) particles was 2-5 μm and structure of layers was identified 

as Al3(Sc+Zr) + -Al + Al3(Sc+Zr) + -Al + .... These results are in 

agreement with [13-15].  

The response of microhardness HV0.5 to isochronal step-by-step 

annealing of the HR5 and HR10 alloys is in the Figure 2. The 

deformation has significant influence on microhardness values 

during isochronal annealing up to 450 °C. Higher initial values in the 

AlZnMgCuScZr alloys than in AlZnMgCu alloys (ΔHV0.5 ≈ 20) are 

Figure 1 SEM image of the 

AlZnMgCuScZr HR10 alloy. See 

eutectic phase and detail of primary 

Al3(Sc,Zr) particles 
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probably caused by presence of Sc,Zr-containing particles and/or by higher content of addition in the 

AlZnMgCuScZr alloy. The initial values of HV0.5 was in the same studied alloys in the as-prepared state  

HV0.5 ≈ 120 for the AlZnMgCu and HV0.5 ≈ 130 for the AlZnMgCuScZr alloy [13,15].  

Microhardness values of the HR5 alloys 

continually decrease up to annealing at ~ 

300 °C. After that, the values are almost 

constant (in the accuracy of 

measurements) up to the end of the 

annealing at 450 °C. After annealing up to 

240 °C (for the AlZnMgCu) and up to 300 

°C (for the AlZnMgCuScZr) the effect of 

different deformation degree disappeared. 

The difference between values HV0.5 of the 

AlZnMgCu and AlZnMgCuScZr (HR5 and 

HR10) up to ~ 300 °C is ΔHV0.5 ≈ 20, in the 

temperatures above 300 °C ΔHV0.5 ≈ 30.  

Figure 3 show DSC curves of the 

AlZnMgCu(ScZr) HR10 and HR5 alloys at 

different heating rates up to 400 °C. One 

can see significant exothermic process. 

The maximum of this process is shifted to 

higher temperatures with higher heating rate. The addition of Sc and Zr to the AlZnMgCu alloy caused the 

small shift (5-10 °C) of maxima to lower temperatures, no shift was observed with different deformation degree. 

The activation energies of the exothermic process were calculated using by Kissinger method [16] regardless 

Sc, Zr addition and different deformation degree as ~ 100 kJ/mol. Schematic time-temperature-transformation 

diagram (TTT diagram) of the exothermic process is shown in the Figure 4. The points corresponding to 50 % 

volume transformation of the process are plotted against temperature versus time on logarithm scale. 

 

Figure 3 DSC traces of AlZnMgCu (full lines) and AlZnMgCuScZr (dashed lines) a) HR5 alloys, b) HR10 

alloys, at different heating rates 

Response of relative resistivity changes to step-by-step isochronal annealing of AlZnMgCu(ScZr) HR10 alloys 

is plotted in the Figure 5a. Electrical resistivity of both HR10 alloys decreases up to ~ 300 °C in three stages 

(I-III) and after that sharply increase up to annealing up to 450 °C (IV). For a better recognition negative 

numerical derivative (spectrum curves) of the annealing curves from Figure 5a are shown in the Figure 5b. 

Figure 2 Isochronal annealing curves of microhardness 

changes HV0.5 (measured at RT) of the HR5 and HR10 

AlZnMgCu(ScZr) alloys 
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In the spectra curves one can see three positive stages (I-III) with maxima at ~ 110 °C, ~ 180 °C  

and ~ 250 °C. The maximum of the most significant II-stage is shifted to lower temperatures with Sc, Zr 

addition. The first minor relative resistivity decreases and minor I-stage at spectrum curves with maxima at ~ 

110 °C is probably caused by the dissolution of GP zones and/or clusters. These results are in agreement with 

[13-15,17,18] where dissolution of GP zones and/or clusters were observed at temperatures 100 - 150 °C. 

Small decreases in microhardness values up to 150 °C in HR5 alloys are probably connected to these. No 

thermal changes up to 150 °C were observed at DSC curves of HR5 and HR10 alloys. Because of the small 

visibility of the I-stages in spectrum curves and no visibility in DSC curves we assume, that the amount of 

dissolved GP zones and/or clusters is small.  

 

Figure 4 Schematic time-temperature-transformation diagram (TTT) diagram of the exothermic process of 

AlZnMgCuScZr HR10 alloy 

 

Figure 5 a) Relative resistivity changes (measured at 78 K) of the AlZnMgCu(ScZr) HR10 

 b) spectra derived as negative derivative of resistivity curves during isochronal annealing of the 

AlZnMgCu(ScZr) HR10 alloys 

After annealing up to 240 °C two types of particles were observed by transmission electron microscopy - 

rounded particles of the S phase (Al2CuMg) and rods of the non-eutectic T phase (Al2Zn3Mg3) [14]. The main 

resistivity decrease (II) and II-stage at spectrum curves with maxima at ~ 180 °C to which exothermic 

processes in DSC curves (with maximum at ~ 195 °C at heating rate 1 K/min in HR10 alloys) and activation 

energy 100 kJ/mol correspond, together with small III-stage at spectrum curves with maxima at ~ 250 °C are 

probably caused by combination of precipitation of T phase and/or precipitation and/or coarsening of S phase. 

The microhardness values from RT to annealing up to 240 °C of HR10 alloys (see Figure 2) show no changes 

(in accuracy of measurement) which leads to the conclusion that neither precipitation of T phase particles nor 

precipitation of S phase particles leads to any hardening effect. This result is in agreement with [14,19,20].  
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Microscopy observation after annealing up to 360 °C proved presence of secondary Al3(Sc,Zr) particles in the 

AlZnMgCuScZr HR alloys [14]. Although secondary Al3(Sc,Zr) particles was not observed in the initial state of 

the AlZnMgCuScZr HR alloys, on the base of microhardness values and typical hardening effect of these 

particles (ΔHV ≈ 25-40 [13,17,21,22]) we assume their presence in the initial state of the AlZnMgCuScZr HR 

alloys, too. These particles probably precipitate during annealing at 300 °C/60 min before/during hot 

deformation. After annealing up to 360 °C additional precipitation and/or coarsening of these particles caused 

their clearly identification by TEM and ED. No thermal processes were observed in DSC curves of HR alloys 

which could correspond to precipitation and/or coarsening of the Al3(Sc,Zr) particles. 

4. CONCLUSIONS 

The results of characterization of hot deformed AlZnMgCu(ScZr) alloys arriving the following conclusions: 

 Two types of eutectic phase (T phase (Mg32(Al,Cu,Zn)49) and Mn,Fe,Si-rich phase) at (sub)grain 

boundaries in the initial state of the all alloys studied was observed. Primary multilayer Al3(Sc,Zr) 

particles were observed in the AlZnMgCuScZr hot deformed alloys; 

 Higher initial values in the AlZnMgCuScZr alloys than in AlZnMgCu alloys (ΔHV0.5 ≈ 20) were probably 

caused by presence of Sc, Zr-containing particles and/or by higher content of addition in the 

AlZnMgCuScZr alloy;  

 One exothermic process was observed in DSC curves of the alloys studied with maximum at ~ 195 °C 
at heating rate of 1 K/min. The activation energy was calculated as ~ 100 kJ/mol and TTT diagram of 

this process was done. Three positive stages at spectra derived with maxima at ~ 110 °C, ~ 180 °C and 

~ 250 °C were observed in the alloys studied. Exothermic process in DSC curves corresponds to II-

positive stage at spectra derived; 

 The first relative resistivity decreases and minor I-stage at spectrum curves with maxima at ~ 110 °C 

are caused by the dissolution of GP zones and/or clusters. The II-stage at spectrum curves with maxima 

at ~ 180 °C, exothermic process in DSC curves (with maximum at ~ 195 °C at heating rate 1 K/min in 

HR10 alloys) together with III-stage at spectrum curves with maxima at ~ 250 °C are caused by 

combination of precipitation of T phase and/or precipitation and/or coarsening of S phase; 

 After annealing up to 360 °C secondary Al3(Sc,Zr) particles in the AlZnMgCuScZr HR alloys caused 
hardening effect (ΔHV0.5 ≈ 20-30). These particles probably precipitate during annealing at 300 °C/60 

min before/during hot deformation in the AlZnMgCuScZr alloys, too. 
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Abstract 

This work is devoted to the study of the synthesis of various ternary intermetallic compounds based on 

aluminum in two alternative ways - self-propagating high-temperature synthesis (SHS) and mechanosynthesis 

(MS) and subsequent hot extrusion (HE) of pure aluminum powder mixtures as a matrix and the above-

mentioned TIM as a hardening additive. Mechanical tensile tests showed an increase in tensile strength by 3.3 

- 9.7% rel. (Except for one specimen, which stands out from the others) and an increase in microhardness by 

9.3 - 49.1%. The microstructure analysis shows a uniform distribution of hardening particles over the matrix 

volume, which indicates a high uniformity of the distribution of TIM based on aluminum in the aluminum matrix.  

Keywords: Hot extrusion of aluminum, intermetallic compounds, dispersed hardening, mechanosynthesis, 

powder metallurgy 

1. INTRODUCTION 

Powder metallurgy opens up wide possibilities for creating artificial ("synthetic") alloys, strengthened by double 

or triple IM, which can be realized by introducing pre-synthesized IM powders of a given chemical composition 

into pure aluminum (as well as other metals) powders or its low-alloyed alloys. As a result of such an 

introduction, the system will significantly differ from the equilibrium one and will contain significantly more than 

in accordance with classical phase diagrams, the number of strengthening phases. This content is determined 

only by the interests of the researcher, aimed at obtaining the best set of strength and service characteristics 

of the material after thermoplastic processing of the mixtures [1-3]. Triple intermetallic (TIM) compounds are 

found in many industrial alloys based on aluminum Aluminium and have a significant influence on their 

properties. They can be present in a structurally free state, enter the eutectic structure, or be in the form of 

scattered particles released during the dispersive decay of quenched alloys. One of the methods for producing 

aluminum-based intermetallic compounds, in addition to mechanosynthesis, is self-propagating high-

temperature synthesis (SHS) of solid chemical compounds - a technological process for producing materials 

based on an exothermic chemical reaction of the interaction of the starting reagents in the form of combustion 

[4-6].  

In this research, we study the patterns of the formation of ternary intermetallic compounds in various ways and 

their effect on aluminum alloys. 

2. MATERIALS, METHODS AND DISCUSSION 

2.1.1. Synthesis of Al - Ti - Zn systems 

The synthesis was carried out according to a multistage scheme, including the mixing of titanium and aluminum 

powders, pressing the mixture, synthesis of the Al3Ti intermetallic compound by SHS in vacuum. From the 
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finished mixture, tablets Ø30 mm and a height of 10 mm were pressed at a pressure of 300 MPa. During SHS, 

a high-speed character of the Al3Ti formation reaction was noted: after slow heating to 370 K for 160 minutes, 

the temperature of the space inside the retort rose to 1165 K within 10 minutes. The resulting material is an 

uneven structure consisting, according to the XRD data, of 70% Al3Ti, the rest are oxides. From powders of 

88.4Al-11.6Zn alloy (wt%), Zinc and synthesized Al3Ti (all fractions 0 - 63 μm), batch mixtures corresponding 

to the stoichiometry of TIM Al11Ti4Zn and Al66Ti25Zn9 were prepared. 

2.1.2. Synthesis of TIM systems of Al-Mg-X systems (where X- Mn, Cr) 

The mixture corresponding to the stoichiometry of TIM Al18Mg3Cr2 was prepared from powders of aluminum, 

PAM aluminum - magnesium alloy, and Al- β Cr alloy powder (all fractions are 0-63 μm). A mixture 

corresponding to the stoichiometry of TIM Al18Mg3Mn2 was prepared from powders of aluminum, aluminum-

magnesium alloy, and Al-27Mn alloy powder (all fractions 0-63 μm). Pressing tablets and conducting SHS 

repeated the procedure described in 2.1.1. The system was heated uniformly to a temperature of 330 K (in the 

fore vacuum). A possible temperature jump, due to which it would be possible to judge the high energy release 

during the synthesis of Al - Mg - X TIM was not observed, in contrast to the Al - Ti - Zn synthesis. However, 

the obtained samples were very different from the original tablets: in addition to colour changes, the volume of 

tablets increased by 1.5 times. The XRD of the initial and obtained samples revealed the presence of various 

phases and their conversion from one to another during SHS (Table 1 and Table 2). 

2.1.3. Synthesis of TIM system Al-Mg-Cr 

During SHS, a new TIM (Al18Mg3Cr2) was synthesized, content of which amounted to 37% according to the 

XRD results. One can notice a sharp decrease in the aluminum content (almost three times) and complete 

dissolution of the phases Al12Mg17, Al8Cr5 and Al18.26Cr4, which during the synthesis were transformed into 

Al18Mg3Cr2 and Al45Cr7 (Table 1). SHS significantly changed (Figure 1) the diffraction patterns of the test 

sample. 

 
Figure 1 Diffraction patterns of the material of the Al-Mg-Cr system obtained as a result of SHS 
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Table 1 Comparison of the initial mixture of Al-Mg-Cr and the sample obtained by SHS 

Powder sample SHS sample 

Phase Content (wt%) Phase Content (wt%) 

Al 59.1 Al 20.3 

Al12Mg17 25.7 Al18Mg3Cr2 37.4 

Al8Cr5 12.3 Al13Cr2 42.2 

Al18.26Cr4 2.7 - 

Table 2 Comparison of the initial mixture of Al-Mg-Mn and the sample obtained by SHS 

Powder sample SHS sample 

Phase Content (wt%) Phase Content (wt%) 

Al 30.8 Al 23.4 

Al12Mg17 37.6 Al12Mg17 10.8 

Al6Mn 19.8 Al6Mn 32.8 

Al10Mn3 2.3 Al18Mg3Mn2 32.8 

alpha-Mn 1.9 - 

Al57Mn12 7.3 - 

2.2. Obtaining TIM based on aluminum by mechanosynthesis (MS) 

The batch was prepared in the same proportions as described in the materials of Chapter 2.1.2. The batch 

mechanosynthesis was carried out in the attritor according to the procedure with steel balls Ø 7-10 mm 

weighing 20 kg per 1150 g of powder mixture. Each powder mixture was processed for 8 ks. The MS mode 

was selected as follows: after 1 ks (16 min and 40 sec.), The machining took a break of 30 minutes to cool the 

system. Before the start of the MS and after every 2 ks of machining, a sample was taken and surfactant was 

added (0.6 wt% Stearic acid). 

Diffraction patterns of the Al-Mg-Mn system are presented in Figure 2. 

 

Figure 2 Diffraction patterns of the material of the Al-Mg-Mn system obtained as a result of SHS 
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2.2.1. Synthesis of Al-Ti-Zn Systems 

The diffraction patterns of the TIM mixture powder corresponding to Al66Ti25Zn9 and Al11Ti4Zn at different 

activation times are shown in Figure 3 and Figure 4. During the high-energy MS, the occurrence and constant, 

up to 74 wt. %, increase in the content of IMT Al66Ti25Zn9. A similar increase in the content of IMT Al11Ti4Zn 

was 54 %. 

 

Figure 3 The diffractogram of the charge corresponding to the intermetallic Al66Ti25Zn9 (the content of which 

is 74 %) 

Using SEM, the distribution of elements was definitely determined in the form of a finely dispersed structure, 

which is a homogeneous compound of aluminum, titanium, and zinc in concentrations corresponding to the 

composition of TIM Ti25Zn9Al66 (Figure 5). 

 
Figure 4 The diffraction pattern of the mixture corresponding to the intermetallic Al11Ti4Zn (the content 

of which is 54 %) 

As a result of the work according to the results of Chapter 2.1 and Chapter 2.2, new TIM-containing powders 

were synthesized, the phase composition of which is given in Table 3. 
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Table 3 The phase composition of the powders during the synthesis of TIM after the SHS and MS methods 

Stage 
number 

Synthesis 
method 

Main phase 
TIM content 
(%) 

Other phases (%) 

Al Al13Cr2 Al12Mg17 Al6Mn Zn Al3Ti 

1 SHS Al18Mg3Cr2 37 20 43 - - - - 

2 SHS Al18Mg3Mn2 34 23 - 11 32 - - 

3 MS Al11Ti4Zn 53 24 - - - 9 14 

4 MS Al66Ti25Zn9 75 14 - - - 4 7 

 
Figure 5 SEM image of the intermetallic compound Ti25Zn9Al66 

2.3. Obtaining compact semi-finished products by the method of GE powder mixtures 

Hot extrusion of powders containing TIM phases obtained by performing steps 1 and 2 of this work was carried 

out in the following sequence 2.3.1 and 2.3.2: 

2.3.1.  Preparation of a mixture of unalloyed aluminum powder and TIM - containing powder  

The calculation of the required amount of TIM-containing phase from Table 3 was made in such a way that 
the mass of “pure” TIM was 3 g/100 g of the charge (3 wt%) (Table 4). 

Table 4 Preparation and creation of blends Al + TIM 

TIM 

The initial 
number of 
TIM in the 

samples (%) 

The required 
amount in 

the mixture 
(%) 

The total 
mass of the 
mixture (g) 

% TIM of the 
total mass 

Mass TIM 

(g) 

Al powder 
mass 

(g) 

Al18Mg3Cr2 34 3 120 3.6 10.9 109.1 

Al18Mg3Mg2 37 3 120 3.6 9.7 110.3 

Al66Ti25Zn 75 3 120 3.6 4.8 115.2 

Al11Ti4Zn 53 3 120 3.6 6.7 113.3 

2.3.2.  Cold pressing of blends and auxiliary tablets of graphite 

Briquetting the mixture into tablets took place under the same conditions for all powders: matrix diameter 30 

mm, pressing pressure - 200 MPa. The process was as follows: a replaceable die, a graphite tablet, three 

briquettes of a compressed sample, a second graphite tablet, a press washer, and a punch were placed in the 

matrix. Then the matrix was heated for three hours and allowed to stand for 20 minutes. 
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2.4. Mechanical tensile tests 

For tensile tests, two specimens from each bar were made of rods.  

Table 5 Results of mechanical tensile testing of Al + TIM rods 

Bar number Chem. structure 
Tensile strength (MPa) 

Hardening (%) 
Sample 1 Sample 2 The average 

0 Al-powder 127 126 126 N/A 

1 Al + (3%) Al18Mg3Cr2 129 132 131 3.3 

2 Al + (3%) Al18Mg3Mn2 - 139 139 9.7 

3 Al + (3%) Al11Ti4Zn 133 130 131 3.8 

4 Al + (3%) Al66Ti25Zn9 124 126 125 -1.1 

From Table 5 it can be concluded that the Al + (3 wt%) Al66Ti25Zn9 composite does not exhibit the necessary 

strengthening effect. Aluminum rods containing 3 % Al18Mg3Cr2 and Al11Ti4Zn slightly strengthen the matrix. A 

sample of Al + (3 wt%) Al18Mg3Mn2 is released, which is almost 10% stronger than pure aluminum bar. It was 

at the rod of this chemical composition that one of the samples collapsed in the clamps along the thread. Both 

magnesium and manganese significantly increase the strength characteristics of aluminum, but both of them 

significantly embrittle the matrix (even when doped with a small amount). If we assume that the theory of the 

interaction of cast alloys is valid for composite materials "matrix + dispersed hardener", then such an increase 

in strength (and embrittlement) is theoretically justified. 

2.5. Microhardness 

Table 6 shows the results of microhardness measurements using a Hynistron TI 750 Ubi 1 Triboindenter 

scanning nanohardness tester. During the experiment, 7 measurements were carried out, two of which - the 

largest and smallest - were excluded from the calculation of the average value. 

Table 6 The results of microhardness measurements of aluminum rods, dispersion hardened by intermetallic 

compounds 

 Microhardness, HV 
The increase in 
hardness (%) Bar 

number 
Mens. 1 Mens. 2 Mens. 3 Mens. 4 Mens. 5 Average TIM 

0 39.0 38.5 38.4 38.9 38.9 38.7 - - 

1 43.2 43.6 44.2 42.8 43.8 43.5 463 12.3 

2 48.5 64.5 43.0 45.9 49.6 50.3 406 29.8 

3 61.0 59.5 56.0 53.2 59.1 57.8 568 49.1 

4 40.8 42.2 43.9 43.9 40.9 42.3 393 9.3 

After evaluating the results of Table 5 and Table 6, one can observe both the absence of hardening and the 

smallest increase in microhardness of sample 4. A slight increase in the strength characteristics of sample 1 

is also consistent. Sample 3 showed the greatest increase in microhardness, but a slight increase in tensile 

strength. In terms of the combination of strength properties, the second sample proves better than the others 

- a relatively good increase in microhardness and an increase in tensile strength by almost 10%. 
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3. CONCLUSION 

The following conclusions can be drawn from the research work: 

1) Five samples were obtained by hot extrusion: 1 pure aluminum sample and 4 composite Al rods + 3 % 

MI at 400 °C and drawing coefficient 9. The microhardness index of all dispersively hardened samples 

increases. The best reinforcing composition (available) is Al18Mg3Mn2. The introduction of 3 % of which 

into the aluminum matrix increases the microhardness by 30 %; 

2) Pictures of the microstructure of the cross section, in which the intermetallic inclusions are distributed 

evenly, indicate the homogeneity of the matrix and hardener; 

3) It is supposed that during further research it is possible to change the percentage of the MI phase in the 

Al matrix (both upward and downward), increase the dispersion, find the optimal exposure time and also 

increase the drawing coefficient. 
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Abstract 

Additive Manufacturing (AM) is an attractive way of producing parts of intermetallic titanium alloys. However, 

high brittleness of these alloys makes it challenging to produce crack-free intermetallic parts by AM. One way 

to overcome this problem is to use high-temperature powder-bed preheating. In this paper, Ti-48Al-2Cr-2Nb 

alloy was obtained by selective laser melting process with high-temperature preheating of 800-900 ºC. Crack-

free specimens with a relative density of 99.9% were fabricated using an optimized process parameter set. 

Microstructure and phase composition were studied using scanning electron microscopy and X-Ray diffraction 

to reveal a fine microstructure consisting of lamellar α2/γ colonies, equiaxed γ grains, and retained β phase. 

Compressive tests and microhardness measurements showed that the produced alloy exhibited superior 

properties compared to the conventionally obtained TiAl-alloy. 

Keywords: Selective laser melting, additive manufacturing, titanium aluminide, intermetallics 

1. INTRODUCTION 

TiAl-based intermetallic alloys are attractive materials for high-temperature applications due to their high 

specific strength at room and elevated temperatures, good creep and oxidation resistance [1]. These properties 

make them promising candidates for replacing nickel-based superalloys in gas turbine engines [2]. One of the 

most widely known γ-TiAl alloys is the Ti-48Al-2Cr-2Nb (at. %) alloy. While TiAl alloys possess high strength, 

their poor ductility and brittleness at room temperatures severely complicate their processability by 

conventional manufacturing techniques and limit their application [3].  

Additive Manufacturing (AM) is a promising way to manufacture intermetallic alloy parts since it offers 

significant advantages in terms of design freedom and cost reduction compared to conventional methods.  

However, high cooling rates typical for powder bed AM techniques lead to high residual stresses which makes 

it difficult to produce crack-free intermetallic parts [4]. The published data indicates that high-temperature 

preheating is needed to obtain crack-free intermetallic parts [5]. Selective Electron Beam Melting (SEBM) has 

been proved feasible in fabrication of TiAl alloys [6-8]. Utilizing an electron beam to preheat the powder bed 

to temperatures around 1000 ºC allows to drastically reduce residual stresses and suppress crack formation 

during the fabrication of TiAl alloys. One disadvantage of SEBM process is its much lower geometrical 

precision compared to Selective Laser Melting (SLM) process, also known as laser powder-bed fusion (L-PBF) 

process. High-temperature powder bed preheating is required to produce crack-free TiAl alloys using the L-

PBF process. At the moment, studies devoted to the L-PBF process with high-temperature preheating are 

limited and the subject needs to be investigated. 

This paper reports the results of the investigation of L-PBF process using Ti-48Al-2Cr-2Nb alloy powder with 

an inductive high-temperature platform preheating. The effects of L-PBF process parameters and preheating 

temperature on fabricated TiAl-alloy microstructure and mechanical properties are investigated. 
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2. MATERIALS AND METHODS 

Gas atomized (GA) spherical powder (as can be seen in Figure 1) with a nominal composition of Ti-48Al-2Cr-

2Nb (at. %) was used to fabricate the samples. The powder had the following particle size distribution: d10 = 

17.4 µm, d50 = 33.8 µm, d90 = 60.5 µm. 

 

Figure 1 SEM images of the gas atomized powder (GA) showing (a) surface morphology and (b) cross-

section of a particle 

The L-PBF process was carried out using Aconity MIDI (Aconity3D GmbH, Germany) system equipped with a 

1070 nm wavelength fiber laser with a maximum power of 1000 W. Cylindrical samples with 10 mm diameter 

and 10 mm height were fabricated for further investigation. The samples were fabricated on a Ti-6Al-4V 

substrate, which was put on a molybdenum platform. The molybdenum substrate was inductively preheated 

to a set temperature, which was continuously controlled by a thermocouple under the molybdenum platform. 

The titanium substrate was then conductively heated by the molybdenum substrate before starting the L-PBF 

process. The process chamber was continuously flooded with high purity argon gas to achieve oxygen content 

in the chamber below 20 ppm. After the build process was finished, the platform and the samples were cooled 

down to room temperature with a cooling rate of approximately 5 ºC/min. The platform preheating temperature 

was varied from 600 to 900 ºC and the scanning speed (S) was varied from 650 to 1250 mm/s, while the laser 

power (P), hatching distance (HD), and layer thickness (L) were set to a fixed value for most of the samples. 

As a result of the parameters change, the volume energy density varied from 36 to 70 J/mm3. 

The as-fabricated samples were cut and polished along the build direction (BD) for the microstructural 

characterization. Mira 3 LMU TESCAN scanning electron microscope (SEM) in backscattered electrons (BSE) 

mode was utilized to evaluate the microstructures. Energy Dispersive Spectroscopy (EDS) was used for the 

chemical analysis of the samples and powders on the polished cross-sections. The phase composition of the 

powders and the fabricated samples was analyzed with a Bruker D8 Advance X-ray diffraction (XRD) using 

Cu-Kα (λ = 0.15418 nm) irradiation. 

The relative density was measured by a standard metallographic technique, which includes taking a minimum 

of five different locations of the polished samples with an optical microscope (OM) Leica DMI5000 (Leica, 

Germany) at 50x magnification. The OM images were then used to isolate the pores from the bulk material 

using ImageJ software. 

Room temperature compression tests were performed using a universal testing machine (Zwick/Roell Z100, 

Germany) with a strain rate of 0.1 mm/min. A minimum of three samples per point were tested. 
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3. RESULTS AND DISCUSSION 

Figure 2 shows the effect of platform preheating temperature on the formation of cracks in samples fabricated 

from the MAPS powder. As can be seen in Figure 2 (a), severe cracking is observed when a relatively low 

preheating temperature of 600 ºC was used during the L-PBF process. Increasing the preheating temperature 

to 800 ºC significantly reduced the number of cracks, however occasional horizontal cracks perpendicular to 

the build direction were still present. Further increase in the preheating temperature up to 900 ºC resulted in 

elimination of cracks. This is in agreement with the brittle-ductile transition temperature (BDTT) of the TiAl-

alloy, which is around 750-780 ºC [9]. Increased ductility above the BDDT allows the material to accommodate 

high stresses during L-PBF and avoid cracking. Further investigation of the relative density was carried out 

only on the samples fabricated at 800 and 900 ºC preheating temperatures. 

 

Figure2 Optical images of the cross-sections of the samples fabricated using different preheating 

temperatures: (a) 600 ºC, (b) 800 ºC; (c) 900 ºC 

Figure 3 shows the effect of scanning speed on the relative density of the samples. The highest relative density 

of 99.94±0.05 % was obtained at 800 ºC preheating temperature and 950 mm/s scanning speed which 

corresponds to 48 J/mm3 volume energy density. In general, a higher preheating temperature resulted in a 

slightly higher porosity, which suggests that some overheating might have taken place during the L-PBF and 

led to formation of keyhole pores. 

 

Figure 3 Effect of scanning speed and platform preheating temperature on the relative density of the 

samples with cross-section images showing typical pore distribution 

Figure 4 shows microstructures of the samples fabricated at 800 ºC and 900 ºC preheating temperatures. The 

obtain microstructure mainly consists of lamellar α2/γ colonies, equiaxed γ grains, and the retained β phase. 
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Crescent-shaped melt pool boundaries with a width of about 80-90 µm can be found in the microstructure as 

shown in Figure 4(a). Retained β-phase was also found in the microstructure of the SEBM-processed Ti-48Al-

2Cr-2Nb alloy in the paper [10]. While the Ti-48Al-2Cr-2Nb is an α-solidifying alloy, high cooling rates during 

the L-PBF process can induce solidification of a metastable β-phase. Moreover, Al loss might also play a role 

in the microstructure formation. Reducing the Al concentration leads to the solidification through the Ti-rich 

side of the peritectic reaction and formation of the β-phase. Retained β-phase in the TiAl-alloy can increase its 

ductility, however the strength at room and elevated temperatures can be worsened due to refractory elements 

segregation and reduced solid solution strengthening in the lamellar regions [11]. Thus, a subsequent heat 

treatment should be considered to transform metastable β-phase in the TiAl alloy. 

 

Figure 4 BSE-SEM images showing microstructures of the samples fabricated from GA powder at (a, b)  

800 ºC and (c, d) 900 ºC preheating temperature 

Table 1 presents the results of room temperature compressive tests of the samples fabricated at 900 ºC 

preheating temperature. The samples showed high ultimate compressive strength values of 2277 ± 71 MPa. 

The compressive strain values were around 32-35 %.  

Table 1 Comparison of mechanical properties of TiAl alloy manufactured by different processes 

Material Condition UCS (MPa) Compres. strain (%) 

Ti-48Al-2Cr-2Nb (this study) As-fabricated, 900 ºC preheating 2277 ± 71 32-35 

Ti-48Al-2Cr-2Nb (SEBM)[12] As-fabricated 1800 40 

Ti-48Al-2Cr-2Nb (L-PBF) [12] As-fabricated, no preheating 612 ± 56 1.98 ± 0.55 

Ti-48Al-2Cr-2Nb (SEBM) [13] Heat-treated 2068 25 

Ti-48Al-2Cr-2Nb (casted) [13] As-fabricated 1153 ~6 

The room temperature compressive performance of the samples fabricated by L-PBF with a high-temperature 

preheating showed promising results and exceeded the compressive strength of SEBM samples and showed 

significantly better results than the samples fabricated by L-PBF with a non-preheated platform [12]. 
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4. CONCLUSION 

In this paper, it was demonstrated that crack-free TiAl-based alloy samples can be fabricated using the L-PBF 

process with high-temperature platform preheating. Crack-free samples were fabricated with 900 ºC platform 

preheating temperature. The highest relative density of 99.9 % was obtained at volume energy density 48 

J/mm3. Fine microstructure consisting of lamellar α2/γ colonies, equiaxed γ grains, and retained β phase was 

obtained. The fabricated samples showed high ultimate compressive strength and strain values which are 

superior compared to the conventional TiAl-alloy. 
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Abstract  

Palladium membranes have a high selectivity for hydrogen, which is coupled with their temperature and 

mechanical stability. Such a selectivity of palladium membranes makes the membrane method the single 

procedure that allows one to prepare the high-purity hydrogen (no less than 99.9999 vol%) being the main 

energy carrier in hydrogen power engineering. Palladium-rare earth metal solid solutions are possible 

hydrogen diffusion membrane alloys, since they exhibit the mechanical stability during the permeation along 

with the high hydrogen permeability characteristic. Palladium-samarium alloys of nominal compositions Pd-

2.6, 3.2, 5.2, 6.8, 8.3, 9.5, and 11 at% Sm were prepared by arc melting; ingots were subjected to free forging 

and cold rolling to a thickness of 50 µm with intermediate annealing. Vickers hardness, ultimate tensile 

strength, and relative elongation, were determined and the hydrogen permeability was measured. Within the 

solid-solution compositions, the strengthening takes place; the ultimate strength increases from 200 MPa (for 

Pd) to 830 MPa for Pd-8.3 аt% Sm. In this case, the relative elongation remains close to that of pure Pd (21 %). 

Such mechanical characteristics favor the manufacturing ultrathin foils and show promise for using them in 

high-performance membranes and membrane elements. The alloys demonstrate the high hydrogen 

permeability at 300 - 600 K, which is higher substantially as compared to that of Pd alloys alloyed with other 

elements. Variations of mechanical properties and hydrogen permeability are discussed from the viewpoint of 

the possible ordering of the solid solutions and formation of hydride phases.  

Keywords: Palladium-samarium alloys, solid solution, foil, hydrogen permeability, mechanical properties  

1. INTRODUCTION 

Industrial application of palladium membranes can result in significant advance in the separation of hydrogen 

from gas mixtures and in the development of innovative applications of palladium alloys. Palladium membranes 

have a high selectivity for hydrogen, which is coupled with their temperature and mechanical stability. Such a 

selectivity of palladium membranes makes the membrane method the single procedure that allows one to 

prepare the high-purity hydrogen (no less than 99.9999 vol%) being the main energy carrier in hydrogen power 

engineering. 

The disadvantage of palladium membranes, which limits their large-scale application, consists in the medium 

hydrogen permeability and high cost. The lowering the palladium membrane thickness, still preserving the 

mechanical strength, would address the problems of membranes for the hydrogen separation. For this reason, 

the attention of investigators is focused on the search for components for the alloying of palladium, which allow 

one to increase its hydrogen permeability and to ensure the adequate mechanical strength and plasticity for 

manufacturing thin foils from the alloyed palladium-based compositions. 
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It was shown [1] that palladium-rare earth metal (REM) solid solutions are possible hydrogen diffusion 

membrane alloys, especially because the alloys containing about 8 at% Y exhibit the mechanical stability 

during the permeation along with the high hydrogen permeability characteristic. The composition with 8 at% is 

the critical composition for the disappearance of the hydrogen miscibility gap in the Pd-Y-H system. The closure 

of the miscibility gap is one the main factors controlling the hydrogen solubility in palladium-REM alloys and 

takes place at an electron-to-atom (e/a) ratio of 0.24. 

The maximum solid solubility of REMs in palladium is anomalously high. The expansion of the palladium lattice 

due to the REM solubility is great [2]. Therefore, there is significant solid solution hardening in these alloys 

and, thus, the possibility of manufacturing a stronger membrane material. 

Unlike the traditional Pd-Y alloys that are well understood from the viewpoint of interaction with hydrogen, the 

Pd-Sm compositions were studied only in a few works, in particular, in [2] and [3]. 

According to the Pd-Sm phase diagram [4], the samarium solubility in palladium is 10.38 at% at 1351 K (the 

eutectic temperature). As the temperature decreases, the Sm solubility decreases. The region of limiting Sm 

solubility in Pd-Sm alloys corresponds to the short-range ordered Pd7Sm phase (12.5 at% Sm), which coexists 

with the fcc Sm solid solution in Pd (substitutional solid solutions with the Cu-type structure, space group Fm-

3m). The formation of the ordered phase is accompanied by a peritectoid reaction: α-Pd + Pd5Sm (16.7 at% 

Sm) at 547 °C (in contrast to the other Pd-REM systems, in which the reaction α-Pd + Pd3Sm takes place). 

The lattice parameter of palladium increases almost linearly with increasing Sm content [2]. The magnitude of 

the palladium lattice expansion due to addition of Sm, ∆ass/∆xu (where xu is the solute atomic fraction), which 

determines the hydrogen diffusion, is higher than that for Y. However, contrary to expectation, the lattice 

expansion of the Pd-Sm is slightly smaller when compared with the tendency of the other rare earth metals 

and their atomic number [2].  

The aim of the present work is to prepare Pd-Sm alloys with from 2.6 to 11 at% Sm in the form of foils 50 µm 

thick and to study regularities of variations of their mechanical properties and hydrogen permeability at different 

temperatures. 

2. EXPERIMENTAL 

Palladium-samarium alloys of nominal compositions Pd - 2.6, 3.2, 5.2, 6.8, 8.3, 9.5, and 11 at% Sm were 

prepared by arc melting using Pd of 99.95 wt% purity and distilled samarium 99.9 wt% purity. The melting was 

performed in a purified argon atmosphere using a water-cooled bottom and nonconsumable tungsten 

electrode. The chemical compositions of alloys were determined by X-ray fluorescent analysis using a VRA-

33 spectrometer (Carl Zeiss, Germany).  

After a homogenizing annealing at 1223 K for 5 h in a vacuum, the rectangular ingots were subjected to free 

forging and cold rolling to a thickness of 50 µm (using Duo and Quarto mills) with an intermediate annealing. 

Finally, the foils were annealed at 1123 K for 1 h in a vacuum and subjected to furnace cooling. 

The Vickers hardness of the foils was studied using a 401/402-МVD hardness tester (Instron Wolpert Wilson 

Instruments). The mechanical characteristics, ultimate tensile strength and relative elongation of the foils in 

the annealed state were determined using an Instron 3382 testing machine. 

The hydrogen permeability was measured by filling a calibrated volume using an original experimental set up 

equipped with a high-temperature cell. The diameter of operating membrane surface is 20 mm; the range of 

operating temperatures is 340-923 K. The range of operating pressures before and after the membrane can 

vary from 0.1 to 2.5 MPa and from 0.02 to 1.0 MPa, respectively. 

Using results of measurements, the specific hydrogen permeability was calculated for a membrane 1 mm thick 

for each of measuring temperatures by the expression: 
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where  
Vk - the calibrated volume (m3); Δp - the pressure difference in the calibrated volume when filling the sell 

with hydrogen (MPa); T0 = 273 K; s - the membrane thickness (mm); T1 - the ambient temperature (K); 

p0 = 0.1 MPa; S - the area of operating membrane surface (m2); τ - the time of calibrated volume filling 

(h); pent - the pressure before the membrane (MPa); pex - the pressure after membrane (MPa). 

3. RESULTS 

3.1. Mechanical properties 

The hardness (Figure 1), ultimate tensile strength, and relative elongation (Figure 2) of 50 µm foils were 

measured in accordance with their composition. 

 

Figure 1 Composition dependence of the Vickers hardness of the Pd-Sm foils 50 µm in thickness 

 

Figure 2 Ultimate tensile strength (σu) and relative elongation (δ) of Pd-Sm foils 50 µm in thickness 

It is seen that the hardness of the foils increases monotonically from 400 MPa (pure palladium) to 1600 MPa 

for the Pd-11 at% Sm composition. The ultimate strength σu for palladium is 200 MPa. The Pd-8.3 at% Sm foil 
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exhibits an ultimate strength of 830 MPa; in this case, the relative elongation of Sm solid solutions is sufficiently 

high, namely, δ = 21 % for the Pd-8.3 at% Sm composition. 

The hardness measurements allow us to estimate the effect of Sm on the strengthening of palladium. As is 

known [5], the solid solution hardening is due to the atomic size misfit. The studied foils correspond to the fcc 

Pd-based solid solution. The lattice parameter of the solution varies linearly with composition up to 8 at% [2]. 

In [5], the common feature of the compositional dependences of the hardness of a number of REM solid 

solutions in palladium is a marked decrease in rate of the hardness increase with increasing the REM 

concentration, which is observed around the middle of the solid solution range.  

The analysis of the compositional dependence of the hardness (Figure 1) of Pd-Sm alloys allows us to divide 

the curve into two portions. The first portion includes a range of 0 to ~5 at% Sm and is characterized by the 

abrupt increase in the hardness. The composition with 5 at% Sm corresponds to the middle of the solid solution 

range. The further increase in the Sm content results in the decrease in the increment in the hardness per 

atomic percentage of samarium. It should be noted that, according to the Pd-Sm phase diagram [4], at room 

temperature, the Sm solubility in Pd does not exceed ~4 at% Sm. At the higher Sm contents, the Sm solid 

solution is in equilibrium with the Pd7Sm compound. 

It is obvious that the hardness variations are due to changes in the solid solution lattice, namely, the transition 

from a disordered to a short-range ordered (SRO) solid solution with increasing samarium content. The 

palladium-rare-earth solid solutions are ideal candidates for the appearance of SRO since there are very 

significant differences in both the atomic sizes and the electronegativities of the component atoms [5]. Since 

the Sm solid solution is in equilibrium with Pd7Sm compound, the SRO is assumed to be based on the Pd7Sm 

superlattice [4]. The variations of the hardness with increasing Sm content can be explained based on 

assumptions available in [5], namely, in terms of a rapid increase of the strain energy for more disordered solid 

solutions, and the subsequent relief of this increase in strain energy with composition by the appearance of 

extensive SRO at higher Sm contents. 

According to [3], Pd-Sm alloys in the composition range between 5.0 and 15.0 at% Sm indicate the presence 

of an ordered phase in the form of a Pd7Sm superlattice. However, the dependence of the ultimate tensile 

strength of Pd-Sm alloys is characterized by monotonic increase in σu with increasing Sm content and exhibits 

no anomalies. According to [6], the large strengthening effect is high for light rare-earth elements and is 

medium for Sm; there is a linear relationship between the tensile strength and the rare-earth metal 

concentration which is valid for dilute concentration up to 0.6 at% REM. According to the data, the increase in 

the tensile strength of the solid solution is 33 MPa per 0.1 at% Sm. Our results agree with the literature data. 

The concentration dependence of the relative elongation exhibits first the decrease in δ up to 2.5 % Sm as 

compared to that of Pd and, after that, the relative elongation remains almost unchanged. 

3.2. Hydrogen permeability 

In the palladium-hydrogen system two fcc phases, designated α and β with low and high concentrations of 

hydrogen, respectively, can co-exist at room temperature over a range of hydrogen contents (α and β which 

may be termed the α/β miscibility gap) [7]. The alloying with REMs suppresses the formation of β phase and 

it was found that, under operating conditions, a continuous metal-hydrogen phase (α) could be guaranteed for 

palladium alloys containing 8 at% REM (6.5 % Ce) [1]. 

Figures 3 and 4 show the temperature and composition dependences of the hydrogen permeability of Sm-Pd 

alloys, respectively.  

The variations of the hydrogen permeability (Figure 3), which are characterized by a maximum and observed 

for the compositions with to 6.8 at% Sm, are related to the existence of α/β miscibility gap in the alloys. For 

the compositions with more than 8 at% Sm, no maximum in the dependence is observed.  
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As it was mentioned above, the hydrogen permeability is greatly increased by the presence of the short-range 

ordered phase [2]; the diffusivity of hydrogen in the ordered alloys is much greater than in the disordered state, 

but the ordered alloys dissolve less hydrogen than do the disordered alloys. In the case of Pd-Sm system, the 

ordered phase Pd7Sm appears in the compositions with more than ~ 5 at% Sm, and the hydrogen permeability 

of the alloy with 5.2 at% begins to increase (Figure 4). Its increase becomes more substantial for the 

compositions with more than 8 at% Sm. For the compositions with more than 10 at% Sm, the presence of the 

Pd5Sm ordered phase is possible [4]. 

 

Figure 3 Temperature dependences of the hydrogen permeability of Pd-Sm foil alloys 

 

Figure 4 Composition dependence of the hydrogen permeability of Pd-Sm foil alloys at 523 K 

The hydrogen permeability of Pd-Sm alloys at low temperatures (to 550 K) is higher substantially than that of 

Pd (1.5-2 times).  

It should be noted that, according to [2] Pd-Sm alloys seem to be better candidates for use as hydrogen 

purification membranes (as compared to Pd membranes) because these alloys have a larger lattice expansion 

at the critical composition (corresponding to the disappearance of the β phase), and large lattice expansion is, 

in general, favorable for hydrogen diffusion. 
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4. CONCLUSION 

The Pd-Sm foils 50 µm in thickness with Sm contents of 2.6, 3.2, 5.2, 6.8, 8.3, 9.5, and 11 at% were prepared 

by cold rolling. The hardness, ultimate tensile strength, and relative elongation of the foil alloys were studied. 

The substantial solid solution strengthening was demonstrated; the relative elongation remains close to that 

of pure Pd (21 %). Such mechanical characteristics favor the manufacturing ultrathin foils and show promise 

for using them in high-performance membranes and membrane elements.  

The Pd-Sm alloys demonstrate the high hydrogen permeability at moderate temperatures (to 600 K), which is 

higher substantially as compared to that of Pd-based compositions alloyed with other elements. This fact 

determines the possibility of using the Pd-Sm membrane in performing low-temperature catalytic processes. 

Variations of mechanical properties and hydrogen permeability are discussed from the viewpoint of the 

possible ordering of the solid solutions (Pd7Sm superlattice) and formation of hydride phases. 
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Abstract 

The mixture of ZrB2 and SiC powders were used as a raw material. The powders were milled in a planetary 

ball mill, blended with polyvinyl alcohol, and sieved to 0-125 µm. After sieving, the powder was spheroidized 

in Tekna Tek 15 ICP plasma plant. During the spheroidization, the ceramic powder melts and form a 

compound, containing ZrB2-SiC and rapidly crystallized forming dense spherical shaped powders, suitable for 

additive manufacturing or sintering techniques.  

Keywords: UHTC, additive manufacturing, powders, plasma spheroidization 

1. INTRODUCTION 

Ultra-high temperature ceramics (UHTCs) are candidate materials for a variety of aerospace applications 

owing to their unique combination of properties, including high melting temperature (>3273 K), high strength, 

and high elastic modulus [1-6]. Among them, Zirconium diboride (ZrB2) is an outstanding material owing to its 

high melting temperature (>3000K), low theoretical density (6.09 g/cm3), high thermal conductivity (65-135 

W/mK) and relatively low thermal expansion coefficient [7]. Above 1400°C, however, the oxidation resistance 

of pure ZrB2 is very poor due to the volatilization of B2O3 and a residual porous ZrO2 layer [8]. Adding SiC can 

significantly improve the oxidation resistance of ZrB2-based coatings in the moderately high temperature range 

by the formation of borosilicate glass [9]. 

As a result of its strong covalent bond and low self-diffusion coefficient, it is challenging to fabricate the nearly 

fully dense ZrB2-based ceramic or dense ZrB2-based coating [10,11]. For sintering the ZrB2-SiC ceramic, the 

main preparation technologies include hot pressing, reactive hot pressing, pressureless sintering, and spark 

plasma sintering (SPS) [12-15]. Until now, to further improve the densification of the ZrB2-SiC ceramic, adding 

sintering aids and adjusting sintering parameters have been tried in several previous works. As for the ZrB2-

SiC coating, many methods, including plasma spraying [16], vapour silicon infiltration (VSI) [17], painting slurry 

[18], in situ reaction [19], and pack cementation [19]. Wang et al. [20] designed a gradient structure and 

prepared a dense and defect-free SiC-ZrB2-MoSi2 coating on SiC coated C/C composites using supersonic 

plasma spraying. Lietal. [21] introduced a relatively low melting point WB into ZrB2-SiC coatings to improve 

the densification and oxidation resistance of the coating. The eutectic ZrB2-SiC composition powder were 

obtained by plasma spheroidization for spray spraying [22]. 

In this work the results of synthesis of the ZrB2-SiC spherical powders from elemental powder mixture by 

plasma spheroidization are presented. 
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2. MATERIALS AND METHODS 

The elemental powders of ZrB2 and SiC were used as raw materials. The powder mixture of 80ZrB2-20SiC 

(vol%) was blended in planetary ball mill Fritsch Pulverisette 4 with the addition of 5 (vol%) of the 

Polyvinylalcohol (PVA) as a binder reagent. After the milling, the mixture was sieved into the 0-125 μm fraction 

with subsequent plasma spheroidization in 15 kW ICP plasma torch (by Tekna Plasma Systems inc.) with 

powder feed rate 4 g/min in argon-hydrogen plasma. The phases were analyzed by XRD Bruker D8 

ADVANCE. The microstructure of samples was characterized using SEM Mira3 Tescan. The chemical 

elements distribution was studied by X-ray elemental mapping. 

3. RESULTS AND DISCUSSION  

Figure 1 shows the ZrB2-SiC phase diagram [6]. The addition of the SiC leads to a decrease in the melting 

temperature and form the eutectic composition. The XRD results (Figure 2) shows the diffraction peaks of the 

SiC, ZrB2 and the presence of the Si and C. The latter may be the signs of the dissociation of the SiC under 

the high-temperature plasma treatment. 

 

Figure 1 SiC-ZrB2 phase diagram [6] 

 

Figure 2 XRD pattern of the powder after plasma spheroidization 
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The morphology of the powders after plasma spheroidization is presented by near-ideal spherical shape 

particles with the presence of nanoparticles that agglomerated around the particles due to the electrostatic 

interaction (Figure 3). Those nanoparticles are the result of overheating, vaporizing and condensing of the 

smaller particles in the fraction and the decomposition of the PVA with the resulting carbon nanoparticles. On 

the surfaces of the particles, it can be noticed the signs of the epitaxial growth of the ceramics. 

 

Figure 3 SEM micrographs of the powder after plasma spheroidization 

 

Figure 4 Elemental mapping of the powder particle after plasma spheroidization 
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The elemental mapping (Figure 4) shows the distribution of the chemical elements in the powder particle 

volume. The distribution is relatively uniform across the powder particle. The microstructure consists of the 

lamellar eutectic-type structure with contrasting phases of SiC+ZrB2. It can be seen, the majority of the particles 

are dense and there are no signs of the hollow particles, which means in addition to the spherical morphology 

and fraction, that the plasma spheroidized ZrB2-SiC powder meets the requirements for the additive 

manufacturing technologies, such as binder jetting. 

4. CONCLUSION 

In the present work, the dense spherical powders of the mixture 80ZrB2-20SiC (vol%) were obtained by 

mechanical mixing and plasma spheroidization. 

The microstructure of the powder consist of the uniformly distributed lamellar-eutectic type of structure with 

contrasting phases, which in accordance with XRD can be determined as ZrB2+SiC. There also a noticeable 

amount of nanoparticles as a result of the decomposition of the organic binder and smaller particles due to the 

overheating in plasma. 

The spherical shaped dense particles can further be used for additive manufacturing technologies such as 

binder jetting. 
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Abstract 

The article compares the results of three analytical methods for the determination of the chemical composition 

on the surface of certified standards and aluminum alloy products. It is glow discharge optical emission 

spectrometry (GDOES), optical emission spectrometry (OES) with spark discharge, and energetic dispersive 

X-ray fluorescence (ED-XRF). The results are supplemented by oxygen and nitrogen levels determined by 

thermo-evolutionary elementary analysis. First, standards with a certified composition were measured. It was 

found that the most appropriate analysis for determining the composition of aluminum alloys (with the exception 

of the quantitative determination of Fe and Zn) is glow discharge optical emission spectrometry. Optical 

emission spectrometry with spark discharge was identified as the most appropriate for determining the content 

of Fe and Zn. The ED-XRF analysis on the mobile spectrometer is sufficiently accurate in the case of 

measurement of aluminum alloys, except for magnesium content measurements. It is advantageous to use it 

mainly where it is not possible to reach a sufficiently large surface of the sample and also where the surface 

must not be damaged. 

Keywords: Aluminum alloys, GDOES, ED-XRF, optical emission spectrometry 

1. INTRODUCTION 

The importance of aluminum and its alloys is growing at exponential speed. Aluminum is currently the second 

most widely used metal and thanks to its excellent combination of physical, chemical and mechanical 

properties, it can be applied in a number of industries and has become a part of everyday life. According to 

the latest surveys, overall demand for aluminum is expected to continue to grow. The demand in 2010 is 

expected to have multiplied 2.3 to 3.5 times by 2050 [1]. 

The main advantages of aluminum include good thermal and electrical conductivity, high specific thermal 

capacity and, above all, good hot and cold ductility. The degree of purity and method of processing affects the 

mechanical properties of aluminum. The main impurities worsening its properties are mainly silicon, iron, 

oxygen and hydrogen [2]. In an annealed, soft state, aluminum has a tensile strength of 60 MPa and a 

drawability of 25 %. By cold forming, the strength can be significantly increased. In the air, aluminum is quite 

unstable. On its surface, a layer of Al2O3 is formed to protect it from further oxidation. It resists weaker acids 

relatively well but corrodes in contact with alkaline substances [3]. 

Melted aluminum may contain dissolved gases, metals and a number of compounds, such as nitrides, 

carbides, sulphides and halides. Only hydrogen is soluble from gases in aluminum, while other gases are inert 

with it or form insoluble compounds together [4]. 

The contents of alloying elements used in aluminum alloys vary depending on the specific intended use of the 

alloy. The most common added elements are [5]: zinc - increases strength, worsens toughness and corrosion 
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resistance; magnesium - increases strength and corrosion resistance; manganese - increases strength, 

malleability and corrosion resistance; silicon - increases the strength of the solid solution (Al-Si alloy is suitable 

for the production of castings) and slightly increases corrosion resistance; iron - increases ductility and 

strength, worsens toughness and corrosion resistance; nickel - increases toughness and strength of the alloy; 

copper - increases strength and hardness, worsens ductility and corrosion resistance. 

The biggest consumer of aluminum is the transport industry, which can still be divided into several sub-areas, 

namely aeronautical [6] and automotive industry, rail transport, ship design and astronautics. For example, the 

average consumption of aluminum and its alloys in the automotive industry is about 180 kg per passenger 

vehicle. Consumption is estimated to increase to 250 kg in 2050 [7]. The construction industry ranks second 

in terms of the total consumption of aluminum and its alloys. In the last few decades, its consumption has 

increased mainly due to the production of industrial facade elements (differently shaped profiles, pipes, 

windows, roofing, scaffolding, etc.). Recently, aluminum has become a favourite material of some architects, 

who use it as a building material of large buildings or their components. The aim is to obtain light, airy, 

corrosion-resistant and stable colour appearance as well as a minimum of maintenance costs [8]. The third-

largest consumer of aluminum and aluminum alloys is engineering. It participates in the production of a large 

number of components, machines and equipment. It is used, for example, as part of optical instruments, heat 

exchangers, pipe components, etc. Aluminum has also been widely used in the food industry, particularly in 

the production of thin aluminum foils and beverage cans that are easy to recycle [9]. These are an ideal 

packaging material for storing food, as they are hygienically safe, do not affect the properties of stored food 

and perfectly tolerate high baking temperatures and, at the same time, low freezing temperatures [10]. At 

present, aluminum is also significantly used in the production of aluminum foam. This highly porous material 

with a large surface, low density, high strength and excellent electrical and thermal conductivity can be 

employed in a number of industrial and other applications [11]. Aluminum is also part of special alloys, e.g. 

Ti2AlC [12]. Easy-to-weld aluminum alloys are the most suitable material used for 3D printing applications [13]. 

2. EXPERIMENTAL MATERIAL 

The correctness and accuracy of the selected methods of chemical composition analysis were verified 

on certified standards of the ČKD Praha Research Institute, series Al 401 to Al 408. 

In addition, real samples were measured, namely one sample of a sports barrier aluminum alloy, one escalator 

stair sample, and two samples of passenger car wheels of Al-Si-Mg alloy (Figure 1). It was assumed that the 

composition of these samples would be significantly different. 

A B C 

 
 

 

Figure 1 Samples of Al materials: a - sports barrier; b - an escalator stair;  

c - 1st passenger car alloy wheel 

All samples and standards of aluminum alloys had to be thoroughly abraded before the analysis to remove the 

oxidising surface layer if necessary. At the same time, the surface has been adjusted to make it as flat as 

possible by grinding. 
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3. EXPERIMENTAL METHODS 

3.1. Glow discharge optical emission spectroscopy (GDOES) 

In this work, a glow discharge optical emission spectrometer Spectruma Analyst GMBH, model GDA 750 [14, 

15] was used. The measurement was carried out at a working temperature of 34.5 °C, a relatively high voltage 

(approx. 890 V) and a very low current (approx. 29 mA). As a result of the so-called cathodic dedusting of 

atoms, a characteristic trace (crater) was formed on the surface of the sample (Figure 2). 

3.2. Optical emission spectrometry with spark discharge (OES) 

An optical emission spectrometer with a spark discharge SPECTROMAXx - Spectro CS, s.r.o. was used for 

the analysis. The excitation generator used has a semiconductor control, a plasma discharge current between 

1 and 80 A, and a discharge duration of 10 - 10000 µs. Traces of measurement are shown in Figure 3. 

  

Figure 2 GDOES analysis tracks - 2nd 

passenger car alloy wheel 

Figure 3 OES spark analysis tracks - Al 401 standard 

3.3. Energy-dispersive X-ray fluorescence (ED-XRF) 

The manual ED-XRF analyser DELTA PROFESSIONAL supplied by the company BAS Rudice s.r.o. was used 
in the analysis. The device has an X-ray machine with a power of 4W, and a maximum current of up to 200 µA 

is used to measure light elements. Its main advantages are high speed and relatively good measurement 

accuracy, as well as a wide range of its use. In addition to the analysis of various metallic materials, it is also 

used, for example, for the determination of selected elements, including heavy metals in soils. The analysis 

using this spectrometer does not disturb the surface of the sample. 

3.4. Thermo-evolutionary analysis 

The ELTRA ONH 2000 analyser was used to determine the oxygen and nitrogen content of the alloy samples. 

Before the analysis, the samples were cut into pieces weighing up to 1 g, and their surface was abraded again 

to remove the undesirable oxidising layer. 

4. RESULTS AND DISCUSSION 

First, the chemical composition of the standards was measured by all these methods. Then, using correlation 

charts, the match between certified and measured values was assessed using the least-squares method. For 

example, Figure 4 shows a correlation chart for the first standard (Al 401). It lists correlation equations and 

also describes the four elements with the most significant influence. The results of GDOES analyses have the 

closest slope to one and, therefore, the highest accuracy. These conclusions are also confirmed by the results 
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of other standards. OES with spark discharge also provides excellent results. In the case of measuring iron 

and nickel, it is even more accurate. The third method (ED-XRF analysis) is a rapid non-destructive method. 

It also gives relatively correct results, with the exception of the determination of magnesium, which was below 

the limit of detection in all samples. 

QC-Expert software was also used for statistical evaluation. The results were compared by paired tests in the 

module “comparison of two selections”. The conclusions were the same - that all elements can be measured 

by all methods, with the exception of magnesium. 

 

Figure 4 Comparison of results of GDOES, spark OES and ED-XRF analysis with Al 401 certified 

composition 

The chemical composition of all four samples was determined by the spectrometry methods mentioned above. 

The exception was the measurement of samples of the escalator stair, which could not be analysed by the 

GDOES method, as the voltage constantly fluctuated during the measurement. The measured mass 

concentration of the elements in each sample of aluminum alloys is shown in the table below (Table 1). 

The elements that are not in the table (Bi, Co, Pb, Sn, and B) were measured by all methods below the 

detection limit. The other elements were subjected to statistical analysis - a pair test of the module “selection 

comparison” using QC-Expert software. Figure 5 shows the graphical output of this test (for example, the 

relationship between the results of GDOES and ED-XRF analysis of the sports barrier sample). This is a Bland 

& Altman graph in which the x-axis is the average of a pair of values, and the y-axis is their difference. This 

graph is used to reveal the possible dependence of variability (expressed by the difference) on the magnitude 

of the measured value. The confidence interval is marked in red. Statistical analysis showed that in most cases, 

the results could be measured by all methods. Exceptions are values that have not been included in the 

average and are marked in red in Table 1. In Table 2, the oxygen and nitrogen contents are added for 

completeness of analyses. However, these values are negligible. 

(wt%) 

(w
t%

) 
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Table 1 Chemical composition of samples determined by three methods 

Sample Method 
Si Fe Cu Mn Mg Ni Zn Ti 

(wt%) 

Sports 
barrier 

GDOES 0.55 0.26 0.02 0.03 0.48 0.01 0.01 0.01 

OES 0.45 0.25 0.01 0.04 0.59 <0.001 0.01 0.02 

ED-XRF 0.55 0.25 <0.001 0.04 0.36 <0.001 0.02 <0.001 

Average 0.52 0.25 0.02 0.04 0.54 0.01 0.01 0.02 

Escalator 
stair 

GDOES 
        

OES 12.06 0.85 0.02 0.26 0.05 0.08 <0.001 0.03 

ED-XRF 11.49 0.91 0.02 0.29 <0.001 0.02 0.01 <0.001 

Average 11.78 0.88 0.02 0.28 0.05 0.05 0.01 0.03 

Alloy wheel 
1 

GDOES 6.35 <0.001 <0.001 <0.001 0.25 <0.001 0.01 0.14 

OES 5.84 0.12 <0.001 <0.001 0.24 <0.001 <0.001 0.16 

ED-XRF 7.80 0.11 <0.001 <0.001 <0.001 <0.001 <0.001 0.10 

Average 6.66 0.12 <0.001 <0.001 0.25 <0.001 0.01 0.13 

Alloy wheel 
2 

GDOES 11.48 0.17 <0.001 <0.001 0.06 <0.001 0.10 0.11 

OES 11.02 0.10 <0.001 0.01 0.10 <0.001 <0.001 0.14 

ED-XRF 12.03 0.07 <0.001 0.02 <0.001 <0.001 <0.001 0.16 

Average 11.51 0.09 <0.001 0.02 0.08 <0.001 0.10 0.14 

 

Figure 5 Bland & Altman chart - comparison of GDOES and ED-XRF sports barrier sample analysis 

Table 2 Oxygen and nitrogen content in samples 

Element 
content 

Sports barrier Escalator stair Alloy wheel 1 Alloy wheel 2 

O (ppm) <1 <1 <1 <1 

N (ppm) 12 16 8 46 
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5. CONCLUSION 

Three methods (GDOES, spark OES and ED-XRF) measured the chemical composition of eight standards 

and four samples with different chemical composition. For complete knowledge of the chemical composition 

of the samples, the results were supplemented with oxygen and nitrogen content using elementary thermo-

evolution analysis. In the samples studied, the contents of these elements were negligible. 

The measurement of Al 401 to Al 408 standards verified the correctness of the results of these methods. 

The results have shown that the most appropriate method for determining the composition of aluminum alloys 

is GDOES. However, this method has the highest demands on the quality of the monitored surface. The 

surface must be flat, non-porous, and the shape of the sample must not be too irregular (as in the case of 

escalator stairs). Optical spark discharge emission spectrometry can be recommended as an alternative 

method for determining the content of alloying elements (and, at the same time, the best method for 

determining iron and nickel). ED-XRF X-ray analysis on the mobile spectrometer is high-speed and sufficient 

for a wide range of applications and indicative composition determination. In the case of measurement of 

aluminum alloys, it is not suitable for magnesium measurement. It is convenient to use it mainly if it is not 

possible to reach a sufficiently large surface of the sample and also if the surface must not be damaged. 
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Abstract  

The application of powder blending procedure shows promise in manufacturing Nd-Fe-B magnets; in this case, 

hydrides, oxides, intermetallic compounds, etc. are used as one of the mixture components. The application 

of these additions allows one to increase the hysteretic characteristics of Nd-Fe-B magnets at the expense of 

realized grain-boundary diffusion and grain-boundary structuring processes since these characteristics of the 

magnets are highly sensitive to their microstructure, composition of phases, and distribution of alloy 

components as well. This study is focused on the possibility of using the Pr3Co0.6Cu0.4Hx composition as the 

addition to the powder mixture for manufacturing Nd-Fe-B magnets and on the processes occurred during 

hydrogen treatment of the addition. The base alloy having the composition Nd-24.0, Pr-6.5, Dy-0.5, B-1.0, Al-

0.2, Fe-balance was prepared by strip-casting and subjected to hydrogen decrepitation at 270 °C for 1 h. The 

Pr3Co0.6Cu0.4 alloy was prepared by arc melting in an argon atmosphere and subjected to homogenizing 

annealing at 600 °C for 90 h and subsequent hydrogenation under the conditions used for the strip-cast alloy. 

The phase composition of Pr3Co0.6Cu0.4Hx was studied by X-ray diffraction analysis, DTA, scanning electron 

microscopy, and electron microprobe analysis. The Pr3Co0.6Cu0.4Hx composition was shown to undergo the 

hydrogenolysis with the formation of PrHx hydride (or hydrogen solid solution in Pr), Co+Cu fine mixture, and 

PrCu compound. The behavior of the additions in manufacturing sintered permanent magnets is analyzed from 

the viewpoint of the grain-boundary structuring effect of the addition. The sintered magnet prepared from the 

hydrogenated mixture Nd-Fe-B strip-cast alloy + Pr3(Co,Cu) compound exhibits the following hysteretic 

parameters: Br = 1.35 T, jHc = 1008 kA/m, and (BH)max = 349 kJ/m3. 

Keywords: Nd-Fe-B magnets, blending procedure, intermetallic compound, coercive force, grain boundary 

1. INTRODUCTION 

Sintered Nd-Fe-B permanent magnets are used in many electronic devices, such as hybrid engines, medical 

equipment, wind generators, etc. A wide variety of applications of Nd-Fe-B magnets stimulates the 

development of approaches allowing the phase composition and microstructure of magnets to be optimized 

and the hysteretic characteristics to be increased. One of the effective approaches to improving the hysteresis 

properties is the use of binary mixture technology with the implementation of grain boundary diffusion and 

grain boundary restructuring processes [1-5]. A number of studies are focused on the possibility of increasing 

the hysteretic characteristics of sintered Nd-Fe-B permanent magnets in using Pr-Cu system alloys as 
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additives for the implementation of diffusion processes and structuring grain boundaries. In [6], the Pr68Cu32 

and Pr35Dy35Cu30 alloys in the form of foils were used. The coercivity enhancement of the diffused magnets by 

Pr68Cu32 alloy was mainly resulted from relatively continuous and thin intergranular layers isolating Nd2Fe14B-

based grains, which were achieved only by post-diffusion annealing. It was observed that the grain boundary 

phases of the Pr68Cu32-diffused Nd-Fe-B magnets became more continuous and clear because Pr and Cu 

dissolved and diffused into the intergranular phase adjacent to Nd2Fe14B grains. In work [7], the mixed hydride 

(Pr, Dy, Cu)-Hx was used as the additive. It was shown that in using the 2 wt% (Pr, Dy, Cu)-Hx addition, the 

significant increase in the coercive force from 1200 to 1456 kA/m is observed. In [8], the Pr83Cu17 (wt%) eutectic 

alloy was used as an additive; the dependence of the coercive force on the content of the additive is shown. 

The coercivity of the prepared alloy is shown to be highly sensitive to the annealing temperature. After optimal 

heat treatment, the coercive force increases from 680 to 1024 and to 1176 kA/m with additive contents of 0-5 

and 10 wt%. Pr-Cu addition slightly enlarges grain sizes and introduces new boundary phase constitutions: 

Cu-higher phase (h-RE2O3) and Cu lower phase (fcc REO2). 

Fangming Wan et al. [9] have studied the Pr-Cu alloy diffused into Nd-Fe-B sintered magnets and reported 

that the coercivity increased from 1120 (original magnet) to 1680 kA/m (diffusion-treated magnet). This result 

was attributed to the grain size of the magnets, which decreased from 6.5 to 4.5 μm and the thickness of grain 

boundary phases approximately increased from 4 to 20 nm. Thus, it was indicated that the pre-diffusion 

process could suppress the formation of coarse grain regions due to Pr-Cu alloy addition but the low melting 

point Pr-Cu alloys could not diffuse uniformly. 

In [10], the effect of Pr-Co additives on the coercive force and thermal stability was investigated. It is shown 

that the increase in the content of the additive to 15 wt% leads to the sharp decrease in the intrinsic coercivity 

from about 14.8 to 320 kA/m. According to the authors’ opinion, this is associated with the formation of new 

ferromagnetic phases, in particular, the soft magnetic (NdPr)(FeCo)2 phases. However, the further increase in 

the additive content from 15 to 20 %, results in a sharp increase in the coercive force, which is associated with 

the formation of the nonmagnetic phase (NdPr)3(FeCo) and the transformation of the phase (NdPr)(FeCo)2 

from soft ferromagnet into the non-magnetic phase. Thus, the use of Pr-Cu and Pr-Co systems as additives in 

manufacturing the Nd-Fe-B permanent magnets allows one to modify the phase composition and properties 

of them. 

The aim of this work is to study the possibility of using the hydrogenated Pr3Co0.6Cu0.4 compound as an additive 

in manufacturing Nd-Fe-B permanent magnets by powder blending procedure. 

2. EXPERIMENTAL 

The base alloy (wt%) Nd-24.0, Pr-6.5, Dy-0.5, B-1.0, Al-0.2, Fe-balance was prepared by strip-casting 

technique and subjected to hydrogen decrepitation during heating to 270 °C in a hydrogen flow at a pressure 

of 0.1 MPa and subsequent 1 h dwell at this temperature. The Pr3Co0.6Cu0.4 alloy was prepared by arc melting 

of starting components (Pr-99.5 at%, electrolytic Co K-1 grade, and oxygen-free copper) in an argon 

atmosphere using a water-cooled copper mould and a nonconsumable tungsten electrode. The ingot was 

subjected to homogenizing annealing at 600 °С for 90 h followed by rapid cooling (20 °C/min). The ingot was 

subjected to hydrogenation under conditions used for the strip-casting alloy, namely, during heating to 270 °C 

in a hydrogen flow at a pressure of 0.1 MPa and subsequent 1 h holding at this temperature.  

The structure of the hydrogenated composition was studied on QUANTA 450 FEG scanning electron 

microscope equipped with an EDX APOLLO X microanalyzer; the back-scattered electron mode image was 

used. The phase composition of Pr3(Co,Cu)Hx was studied by X-ray diffraction (XRD) analysis using an Ultima 

IV (Rigaku», Japan) diffractometer equipped with a "D/teX" detector and CuKα radiation; the scanning step is 

0.001°. The differential thermal analysis of the hydrogenated Pr3(Co,Cu)Hx composition was carried out in an 

argon atmosphere at a heating rate of 15 °C/min using a Setaram Setsys -1750 installation. 
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The mixture of the Pr3(Co,Cu)Hx and hydrogen-decrepitated strip-casting alloy was subjected to fine milling for 

40 min to an average particle size of 3 μm using a vibratory mill and isopropyl alcohol medium. After wet 

compaction of the pulp in a transverse magnetic field of 1500 kA/m, blanks of magnets were sintered at Т = 

1080 °C for 2 h and subjected to post-sintering annealing at 500 °C for 2 h. The hysteretic properties were 

measured using a hysteresisgraph. 

3. RESULTS AND DISCUSSION 

3.1. Study of the structure and phase composition of Pr3(Co0.6Cu0.4)Hx 

To study the usefulness of application of the Pr3(Co,Cu)Hx addition in manufacturing sintered Nd-Fe-B 

magnets, its phase composition was investigated in detail. 

The microstructure (SEM) of hydrogenated Pr3Co0.6Cu0.4Hx composition is shown in Figure 1. Results of 

electron microprobe analysis (EMA) of the found phases are given in Table 1. 

 

Figure 1 Microstructure (SEM, BSE mode) of the hydrogenated Pr3Co0.6Cu0.4Hx composition; points 

of electron microprobe analysis are shown 

According to the data, the hydrogenated composition is characterized by multi-phase structure. Regular 

rounded and dendritic inclusions are observed in the matrix phase (Figure 1a, point 1), the phase composition 

of which is complex and is based on Pr-rich phases. Taking into account the fact that data on the mutual 

solubility of components in the found phases are absent, we have calculated the phase composition of phase 

1 using stoichiometry of the phases and EMA data. The assumed phase composition of the matrix phase 

includes (mole fractions) Pr3Co (0.29), PrCu (0.43), Pr (0.28). It is likely that PrCu and Pr form the eutectic. 

Inclusions (points 2, 3, 4) observed in the matrix show the presence of Pr with small contents of cobalt and 

copper. It should be noted that observed dendritic inclusions (Figure 1a) also corresponds to Pr. 

According to DTA data (Figure 2) for the hydrogenated Pr3Co0.6Cu0.4Hx composition, several thermal effects 

are observed. It should be noted that the phase composition of Pr3Co0.6Cu0.4Hx is due to the partial 

hydrogenolysis of Pr3Co0.6Cu0.4. In accordance to the Pr-Cu and Pr-Co phase diagrams [11], the thermal effect 

at ~734°С is related to the solidus for the two-phase region Pr crystallites + (PrCu + Pr) eutectic. The onset of 

the thermal effect corresponding to ~ 420 °С can indicate the allotropic transformation of Co (cubic to 

hexagonal). The late effect is overlapped with the thermal effect related to the L → PrCu + Pr eutectic reaction. 

Thus, the multiphase composition added to the powder mixture in manufacturing sintered permanent magnet 

contains mainly Pr (PrHx) and PrCu. 

a   b   
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Table 1 Results of electron microprobe analysis (at. %) of the Pr3Co0.6Cu0.4Hx addition 

Elements Pr Co Cu 

Phase_1_1 7.7 7.1 22.2 

Phase_1_2 70.9 7.5 21.6 

Phase_1_3 71.3 7.1 21.6 

Phase_1_averaged 71.0 7.2 21.8 

Phase_2_1 98.7 0.3 1.0 

Phase_2_2 99.7 0.0 0.3 

Phase_2_3 99.1 0.2 0.7 

Phase_2_averaged 99.2 0.2 0.6 

Phase_3_1 99.4 0.0 0.6 

Phase_3_2 99.6 0.0 0.4 

Phase_3_3 99.7 0.0 0.3 

Phase_3_averaged 99.6 0.0 0.4 

Phase_4_1 99.3 0.0 0.7 

Phase_4_2 99.5 0.0 0.5 

Phase_4_3 97.8 0.2 2.0 

Phase_4_averaged 98.9 0.0 1.1 

These results were confirmed by X-ray diffraction data. The X-ray diffraction data are given in Figure 3 and 

Table 2. The formation of the Co3PrHx is unlike; however, the thermal effect at ~1050 °C (related to the 

peritectic reaction of the Co3Pr phase) is observed. The total content of Pr and PrHx phase is estimated to be 

~50 %. Among the alloy components, only Co can diffuse into the Nd2Fe14B-based phase grains (the reflection 

of Co is observed in the X-ray diffraction pattern in Figure 2). Cobalt cannot be observed in the alloy structure 

by SEM since, as it was shown in [12,13], the hydrogenolysis of the R3Co compounds (with R = Tb, Dy) leads 

to their decomposition with the formation of fine Co and Cu particles. The other components will improve the 

grain boundary structure via enhanced wettability between the Nd2Fe14B-based grains and the Nd-rich phase 

and decreasing exchange coupling between Nd2Fe14B-based grains [14,15]. According to [12], cobalt, in using 

Tb3Co0.6Cu0.4Hx addition, forms core/shell microstructure, which favors the improved thermal stability of 

coercive force [16]. 

 

Figure 2 DTA curve of the Pr3Co0.6Cu0.4Hx composition measured during heating at a rate of 15 °C/min 

(Al2O3 crucible, heating 20 - 1150 °C, inert dynamic atmosphere Ar (6N), m = 67 mg) 
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Figure 3 X-ray diffraction pattern of the Pr3(Co,Cu)Hx composition 

Table 2 Results of quantitative X-ray phase analysis  

Phase CuPr -Pr PrH2 Co3PrH2 α-Pr Co 

Content (wt%) 22.0 28 8.0 12.0 23.2 7.0 

3.2. Magnetic properties of sintered magnet 

The sintered magnets were prepared using strip-casting alloy subjected to hydrogen decrepitation and either 

2 % Pr3Co0.6Cu0.4 composition undergone the hydrogenolysis or 2 % PrHx. The magnets in the form of disk 48 

mm in diameter and 8 mm in height were sintered at 1080 °C and subsequently subjected to post-sintering 

annealing at 500 °C for 2 h. The density of the magnet prepared with 2 % Pr3Co0.6Cu0.4Hx is 7.52 g/cm3. The 

magnetic hysteresis properties of the magnet are given in Figure 4 and Table 3. As the reference magnet, we 

use the sintered magnet prepared in using the strip-casting alloy and 2 % PrHx as the addition. 

 

Figure 4 Magnetization reversal curves of sintered magnets prepared by powder blending procedure in 

using (1) Pr3Co0.6Cu0.4Hx and (2) PrHx additions  
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Table 3 Magnetic hysteretic characteristics of sintered magnets prepared by powder blending procedure in 

using Pr3Co0.6Cu0.4Hx and PrHx additions 

Addition Br (T) jHc (kA/m) Hk (kA/m) (BH)max (kJ/m3) 

2 wt% Pr3Co0.6Cu0.4Hx 1.35 1004 943 349 

2 wt% PrHx 1.33 973 874 317 

As is seen, in using the Pr3Co0.6Cu0.4 addition, both the remanence and coercive force of sintered magnet 
increase as compared to those of the magnet prepared with PrHx hydride. Moreover, the maximum energy 

product increases and squareness of the hysteresis loop improves. 

The higher magnetic hysteresis characteristics of the magnet prepared with the Pr3Co0.6Cu0.4Hx addition are 

related to the structuring of grain boundaries, namely, the improvement of their both wetting at the expense of 

low-melting copper-containing composition and magnetic isolation. 

4. CONCLUSIONS 

 The phase composition of the hydrogenated Pr3Co0.6Cu0.4 addition was studied by SEM, EMA, and X-

ray diffraction. The Pr3Co0.6Cu0.4Hx composition is undergone the hydrogenolysis and is shown to be 

multiphase and include Pr-rich components, such as Pr, PrHx, and PrCu and Co phases. All these 

components are known to exhibit different diffusion behavior in the course of manufacturing the sintered 

magnet. 

 The Pr, PrHx, and PrCu components modify the grain boundaries of sintered magnet and improve the 

wetting between Nd2Fe14B-based grains and Nd(Pr)-rich intergranular phase. Fine Co particles can 

diffuse into the Nd2Fe14B-based grains to form Nd2Fe14B-core/Nd2(Fe,Co)14B-shell microstructure, 

which improves thermal stability of the coercive force. 

 The hysteretic properties of the sintered magnet prepared from the strip-casting alloy in using the 
hydrogenated Pr3Co0.6Cu0.4Hx addition are shown can be improved as compared to those reached in 

the case of application of PrHx hydride in the powder mixture. 
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Abstract  

A significant number of reinforcing components are currently available for the manufacture of aluminum matrix 

composites. The justified selection of reinforcement determines not only the working capacity of the created 

composite materials under various operating conditions, but also the fundamental possibility of obtaining the 

composites by liquid-phase methods. The issues of thermodynamic compatibility of components are crucial in 

the design of aluminum matrix composites and cast products from them for specified operating conditions, as 

well as in the development of technological processes for their production. To assess the thermodynamic 

stability of compounds potentially suitable for reinforcing the aluminum matrix composites, distribution 

diagrams were constructed in the coordinates “formation enthalpy - melting temperature”. The initial data for 

the criterial analysis were collected from a wide range of sources and verified by comparing the values given 

by various researchers. According to thermodynamic stability criterion, the compounds distribution was carried 

out using carbides as an example. All compounds were divided into three groups: refractory thermodynamically 

stable (I), refractory thermodynamically unstable (II) and fusible (III). It was shown that preference should be 

given to compounds that are located in the group I. For the selected carbides, the thermodynamic probability 

of their interaction with the matrix melt was estimated, and the temperature ranges were determined in which 

the corresponding interfacial interaction reactions can occur spontaneously. According to the analysis, the 

nomenclature of carbide phases that are potentially stable in the aluminum melt was determined.  

Keywords: Aluminum matrix composites, reinforcing phases, liquid-phase technologies, thermodynamic 

stability 

1. INTRODUCTION 

Cast aluminum matrix composites are an effective alternative to traditional alloys for structural and functional 

applications, and are promising for use in the production of a wide range of parts in various sectors of modern 

industry [1-3]. The creation of such materials is based on the adding of refractory compounds of the second 

phase (carbides, borides, nitrides, etc.) into the metal base (matrix), which leads to a qualitatively new level of 

mechanical and operational properties [4-6]. However, the development of new aluminum matrix composites 

over the past decades has mainly been carried out in a consistent way through experimental trials and errors 

primarily based on the intuition of researchers and accumulated experience [7,8].  

At the same time, the traditional intuitively empirical approach to the search for new components and 

compositions of materials has obvious limitations in assessing the entire range of potential combinations of 

components, and is associated with significant time expenses and material resources [9,10]. Thus, a 
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sequential experimental search of suitable combinations of a matrix and a reinforcement for only one type of 

reinforcing phase or matrix alloy will entail the need to obtain and study many thousands of compositions, 

which makes it practically impossible. In this regard, to select the composition of the matrix and the reinforcing 

phases, it is advisable to apply a criteria-based approach that allows filtering out obviously incompatible or 

undesirable components [11]. Since aluminum matrix composites consist of heterogeneous components, the 

issues of chemical and physical compatibility of these components are crucial in the design of composites and 

products from them taking into account operating conditions, as well as in the development of technological 

processes for their production [12-14]. In this regard, the screening of components requires the development 

of reliable and adequate criteria, allowing to take into account the contribution of various components to the 

required level of a particular property, as well as the compatibility of the matrix and potential reinforcing phases. 

One of such criteria is thermodynamic stability, which should be evaluated both for standard conditions and 

under conditions of possible interaction with the matrix melt in a wide temperature range.  

The aim of this work is an analytical assessment of the thermodynamic stability of compounds (by the case of 

carbides) for the selection of reinforcing phases in the production of aluminum matrix composites by 

metallurgical methods. 

2. METHODS 

The formation of the desired structural and morphological parameters of aluminum matrix composites and the 

corresponding level of their physical-mechanical and operational properties will be largely determined by the 

thermodynamic properties of the matrix material and the reinforcing components used. In particular, at the 

selection of the reinforcing phases, one should take into account their thermodynamic stability, which is 

determined by the standard enthalpy of formation of compounds and their melting temperature. 

It is proposed to carry out a criterion-based selection of components of cast aluminum matrix composites taking 

into account their thermodynamic stability by means of the materials selection charts. Effective design of 

composites requires reliable data on the properties of the metal matrix and reinforcing compounds. There are 

no universal databases on the properties of reinforcing particles and matrix materials, which to some extent 

complicates the search for components. In this regard, the initial data for the criteria analysis was collected 

from a wide range of sources and verified by comparing the values given by various researchers. To search 

for the data, electronic databases on the thermodynamic properties of compounds and simple substances 

were used, including NIST Chemistry WebBook, NASA ThermoBuild, and SpringerMaterials. 

For the compounds, selected on the basis of predictive calculations, it is necessary to evaluate the processes 

of interfacial interaction with the matrix, which will allow to determine the list of compositions recommended for 

use in the production of aluminum matrix composites by the metallurgical methods. At this stage, we used the 

method of thermodynamic analysis for prediction of the phase constituents interaction with each other and with 

the matrix alloy. To carry out the analysis, the change in Gibbs free energy during chemical reactions in a 

given temperature range was calculated using the known relationships of chemical thermodynamics:  
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where: 

H0
T, S0

T - the change in the enthalpy and entropy of the system at temperature T, respectively 

H0298, S0298 - change in the enthalpy and entropy of the system under standard conditions, 

respectively 

cp - change in heat capacity of the system during the reaction 

In the calculations, the following typical schemes of the potential interaction between aluminum and carbide 

phases were considered (taking into account the availability of initial data on the thermodynamic properties of 

the corresponding substances): 

Al + MeC  AlxCy + Me              (4) 

Al + MeC  AlxMey + С              (5) 

Al + MeC  AlxMey + AlxCy             (6) 

where Me - any metal of the Mendeleev's periodic system of chemical elements.  

3. RESULTS AND DISCUSSION 

Figure 1 shows a diagram for the selection of reinforcing compounds according to the criterion of 

thermodynamic stability. Negative values of the enthalpy of formation (-ΔfH0, kJ/mol) are plotted along the 

vertical axis, and melting points of the compounds along the horizontal axis. 

The standard enthalpy of formation is a fundamental thermodynamic property that determines the phase 

stability of a compound [15]. The analysis took into account that the more negative ΔfH0 values, the higher the 

stability of the compound with respect to its decomposition into simple substances. Compounds having 

ΔfH0 > 0 are unstable and are prone to decomposition. In addition, small negative ΔfH0 values (as a rule, up to 

-50 kJ/mol) also correspond to compounds with low thermodynamic stability. The values of the standard 

enthalpies of compound formation can be used not only to compare the stability of the compound and the 

simple substances that formed it, but also to compare the stability of various compounds with each other. 

Obviously, in the most general case, particles should not have a melting temperature lower than that of a 

matrix melt. Technological ranges of superheat and temperature-time processing of melts, as a rule, do not 

exceed 1000 C for aluminum alloys [16,17]. This value was taken as a basis for selection the lower limit of 

the melting temperature of compounds potentially suitable for reinforcing the cast aluminum matrix composites. 

According to the thermodynamic stability criterion, it is possible to distribute all compounds into three groups: 

I. refractory thermodynamically stable (-ΔfH0  50 kJ/mol, Tm  1000 С);  

II. refractory thermodynamically unstable (-ΔfH0 < 50 kJ/mol, Tm  1000 С);  

III. fusible (Tm < 1000 С).  

Moreover, compounds of group I can be divided from the standpoint of suitability for reinforcing into the most 

favourable (subgroup IA) and favourable (subgroup IB), taking into account the traditional definition of 

refractoriness by G.V. Samsonov, who classified compounds with a melting point above 1500 C as refractory 

[18]. Thus, the division into subgroups is carried out depending on the value of the melting point of the 

compound: 

subgroup IA - over 1500 C (refractory compounds); 

subgroup IB - from 1000 to 1500 C (heat-resistant compounds). 
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Figure 1 Carbides distribution diagram by the thermodynamic stability criterion 

Compounds of groups II and III in terms of thermodynamic stability are recognized as unfavorable for use as 

reinforcing particles in the production of aluminum matrix composites by metallurgical methods. 

For further analysis, the chemical stability of compounds from groups IA and IB in the molten aluminum matrix 

was evaluated. The calculated values of the Gibbs free energy change ΔG for the reactions of some selected 

carbides with liquid aluminum at various temperatures are presented in Table 1. It was taken into account that 

for reinforcing components, the condition of chemical stability in the matrix melt is the absence of intense 

interaction with the melt in a technologically significant range of temperatures (700 - 1000 C for aluminum 

melts).  

According to the results of preliminary selection, taking into account the proposed requirements for 

thermodynamic stability, it can be assumed that compounds of groups IA and IB (see Figure 1) having positive 

values of the Gibbs free energy change for all interaction variants can be stable in an aluminum melt in the 

temperature range considered. For example, transition metal carbides (TiC, NbC, HfC, ZrC and others) can 

be classified as such compounds. Certainly, the analysis carried out is far from exhaustive, since it is largely 
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limited by the availability of initial data on the thermodynamic properties of different compounds, but it allows 

us to outline potential areas for further experimental studies in order to accelerate the design of aluminum 

matrix composites for given operating conditions. Of course, the selection of reinforcing components according 

to only one criterion cannot be fully justified; for the selection, a wide range of characteristics of compounds, 

such as density, hardness, elastic modulus, cost, availability for commercial use, and many others, should be 

taken into account. 

Table 1 Gibbs free energy change at the interaction of some selected carbides with aluminum melt 

Carbide  
Predicted reaction 

products 

Free Gibbs energy G (kJ/mol) 

700 C 850 C 1000 C 

Be2C Al4C3, Be 137.61 136.51 135.09 

CaC2 Al4C3, Ca 138.66 182.59 229.73 

Al4Ca, C 5.80 40.79 80.94 

Al2Ca, Al4C3 -542.47 -514.18 -483.81 

Al4Ca, Al4C3 -345.09 -336.87 -328.89 

Ce2C3 Al4C3, Ce 212.24 247.76 288.77 

Al4C3, Al4Ce -205.48 -214.29 -221.99 

Al2Ce, C 142.90 199.33 263.55 

Cr3C2 Al4C3, Cr -578.01 -779.26 -1002.76 

Cr7C3 Al4C3, Cr -387.44 -554.20 -739.76 

HfC Al4C3, Hf 497.61 505.59 515.00 

La2C3 Al4La, Al4C3 -167.28 -175.14 -182.53 

LaC2 Al4C3, La -169.03 -166.26 -163.21 

Mn7C3 Al4C3, Mn -549.08 -735.77 -947.32 

Al6Mn, C -236.73 -183.57 -129.75 

NbC Al4C3, Nb 28.20 29.01 30.23 

TaC Al4C3, Ta 229.21 226.37 223.86 

TiC Al4C3, Ti 495.38 498.66 502.45 

Al3Ti, C 129.04 144.88 162.67 

Al3Ti, Al4C3 11.03 -18.68 -51.86 

ZrC Al4C3, Zr 403.44 408.00 413.44 

4. CONCLUSION 

The thermodynamic stability of various carbide phases was estimated by constructing distribution diagrams in 

the coordinates “formation enthalpy - melting temperature”. For the selected carbides, the thermodynamic 

probability of interaction with the matrix melt was assessed, and the temperature ranges were determined in 

which the corresponding interfacial reactions can occur spontaneously. The results obtained can be useful in 

determining the nomenclature of carbide phases that are potentially stable in the aluminum melt, which allows 

recommend them for use as reinforcing phases in the production of cast aluminum matrix composites. 
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Abstract 

In this work the phase transformations in Nd-Fe-B alloys with copper additives obtained by mechanochemical 

synthesis (MS) was studied. After MS process a partial decomposition of the Nd2Fe14B crystalline phase into 

the amorphous phase and α-Fe occurs with a maximum ratio of 20 and 8 %, respectively. According to SEM 

data, the particle size was 1 μm with a substructure. The heat treatment of Nd-Fe-B alloys with Cu additives 

leads to crystallization of the amorphous phase and an increase in coercive force and residual magnetization. 

The maximum hysteresis properties were achieved for the sample with the addition of 0.4 % Cu: Hc = 376 kA 

/ m and σr = 65 A·m2/kg. It was shown that an increase in coercive force is associated with the presence of a 

mechanism for pinning of domain walls. 

Keywords: Nd-Fe-B, mechanical synthesis, XRD, magnetic properties, grain boundaries 

1. INTRODUCTION 

In recent times, hard magnetic materials have many applications in a variety of industries, including various 

engines, generators and also targeted drug delivery [1]. Industrial needs require a steady increase in the 

magnetic energy product (BH)max and the production of permanent magnets as well [2]. The maximum energy 

product was achieved on the Nd-Dy-Fe-B system alloys obtained by powder metallurgy methods. However, 

due to the low natural resources and high cost of Dy, there is a significant demand for permanent magnets 

without Dy. In this regard, nanocrystalline or nanocomposite permanent magnets obtained by extreme 

methods (high-energy milling, intense plastic deformation, quenching from a liquid state, etc.) [3,4] are of 

particular interest. In these systems, effects of exchange coupling, the formation of intergranular phases, which 

change the exchange interaction between grains and increase the coercivity, can be observed [5-9]. Many 

experimental and theoretical studies indicate a positive effect of Cu additives on the formation of intergranular 

phases [7], which leads to an increase of magnetic properties. However, almost all works in this area are 

devoted to studying the effect of Cu on magnets obtained by traditional methods of powder metallurgy. In this 

regard, the study of the structure formation and magnetic properties of nanocomposite alloys based on the 

Nd-Fe-B system with Cu additives obtained by mechanochemical synthesis is an urgent task. 

2. EXPERIMENTAL 

Alloy of the Nd-Fe-B system with a stoichiometric atomic composition Nd12Fe82B6 was obtained from pure 

components Nd, Fe and Fe-B with a purity of no worse than 99.9 % by vacuum induction melting in an amount 

of 1 kg. After melting, the alloy was annealed (homogenised) in vacuum at a temperature 1100 °C for 40 hours. 

The Nd-Fe-B powder was obtained by crushing and grinding in a mortar and then mixed with 0 - 0.5 % of Cu 

powder. The resulting mixture was subjected to mechanochemical synthesis (up to 2 hours). The 
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mechanochemical synthesis was carried out in a high-energy ball mill “Activator 2S” in an argon atmosphere 

(vial rotation speed: 800 rpm). Ball-to-powder ratio was 20:200. After mechanochemical synthesis the powders 

were subjected to the annealing at 560 - 620 °C for 15 minutes in vacuum furnace. X-ray diffraction (XRD) 

analysis was performed on a Rigaku Ultima IV diffractometer using Co-Kα radiation. Spectrum analysis was 

performed using PDXL software (Rigaku). The quantitative analysis of the amorphous phase was performed 

according to the procedure described in [10]. The microstructure of the alloys was studied using a TESCAN 

VEGA 3 SBH electron microscope. The magnetic properties were measured on a PPMS VSM (Quantum 

Design) facility. Magnetic properties were measured on samples taking into account the demagnetizing factor. 

3. RESULTS AND DISCUSSION 

According to the results of XRD analysis after 2-hour milling a partial amorphization of the Nd2Fe14B phase 

occurs with a small amount of α-Fe. The obtained XRD patterns for all samples are almost identical; therefore, 

it is not possible to draw fast conclusions about the effect of Cu additives on the amorphization kinetics and 

phase transformations after only a 2-hour mechanochemical synthesis. Typical XRD patterns of samples 

subjected to MS for 2 hours are shown in Figure 1. The results of the qualitative and quantitative XRD analysis 

are shown in Table 1. 

 
Figure 1 Typical XRD patterns of the Nd-Fe-B samples with Cu additives after 2 hours of mechanochemical 

synthesis 

The results of a scanning electron microscopy (SEM) study of the Nd-Fe-B alloy with 0.05 % Cu are shown in 

Figure 2. It can be seen that the particle size after 2 hours of mechanochemical synthesis is 1-10 μm, but the 

particles have a substructure. According to X-ray microanalysis, the chemical composition of the particles is 

comparable with the stoichiometry of the Nd2Fe14B compound. 

Figure 3 shows the XRD patterns of the Nd-Fe-B samples with Cu after annealing (600 °C for 15 minutes). 

Quantitative and qualitative phase analysis results are presented in Table 2. 

According to the XRD results, it is evident that the main phase in the alloy is the crystalline phase Nd2Fe14B. 

In addition, about 5 % of Nd2O3 oxide appears during MS and heat treatment, and nanocrystalline α-Fe also 
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appears. The lattice parameters vary insignificantly, which may indicate that Cu does not form solid solutions 

and does not dissolve in the lattice of the Nd2Fe14B compound. XRD analysis failed to detect traces of the 

phases’ formation between neodymium and copper. This may indicate that perhaps their content is insufficient 

for the sensitivity of the XRD method, or Cu has dissolved along the grain boundaries. An excessive Fe content 

indicates on this also. Its content exceeds the value that should have been released during the formation of 

Nd2O3 phase. 

Table 1 The results of qualitative and quantitative XRD phase analysis of the samples with Cu additions after 

mechanochemical synthesis 

Sample 
Phase mass fraction (%) Crystallite size (nm) 

Nd2Fe14B α-Fe Amorphous phase Nd2Fe14B α-Fe 

Nd2Fe14B + 0% Cu 77± 3 3 ± 1 20 ± 3 20 ± 1 15 ± 1 

Nd2Fe14B + 0.05% Cu 78 ± 3 3 ± 1 19 ± 3 18 ± 1 15 ± 1 

Nd2Fe14B + 0.1% Cu 78 ± 3 3 ±1 18 ± 3 17 ± 1 15 ± 1 

Nd2Fe14B + 0.3% Cu 78 ± 3 8 ± 2 20 ± 3 15 ± 1 14 ± 1 

Nd2Fe14B + 0.4% Cu 78 ± 3 3 ± 1 19 ± 3 14 ± 1 15 ± 1 

Nd2Fe14B + 0.5% Cu 78 ± 3 3 ± 1 20 ± 3 14 ± 1 15 ± 1 

 

Figure 2 SEM results of the Nd-Fe-B alloy with 0.05 % Cu after mechanochemical synthesis in contrast 

of secondary electrons 
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Figure 3 X-ray diffraction patterns of alloys of the Nd-Fe-B system with Cu additives after crystallization 

annealing for 15 minutes at a temperature of 600 °С 

Table 2 The qualitative and quantitative phase analysis results of the Nd-Fe-B-Cu samples after heat 

treatment at 600 °C 

Samples 

Mass fraction 
(%) 

Crystallite size 
(nm) 

Lattice parameters 
(nm) 

Nd2Fe14B α-Fe Nd2O3 Nd2Fe14B α-Fe Nd2Fe14B α-Fe 

Nd2Fe14B + 0% Cu 78 ± 3 18 ± 2 4 ± 1 15 ± 1 10 ± 1 
a = 0.881 ± 0.001 
c = 1.219 ± 0.001 

a = 0.288 ± 0.001 

Nd2Fe14B + 0.05% Cu 80 ± 3 15 ± 2 5 ± 1 15 ± 1 10 ± 1 
a = 0.882 ± 0.001 

c = 1.219 ± 0.001 
a = 0.288 ± 0.001 

Nd2Fe14B + 0.1% Cu 81 ± 3 12 ± 3 7 ± 1 15 ± 1 10 ± 1 
a = 0.881 ± 0.001 

c = 1.219 ± 0.001 
a = 0.288 ± 0.001 

Nd2Fe14B + 0.3% Cu 79 ± 3 16 ± 3 5 ± 1 16 ± 1 9 ± 1 
a = 0.880 ± 0.001 
c = 1.219 ± 0.001 

a = 0.287 ± 0.001 

Nd2Fe14B + 0.4% Cu 80 ± 3 17 ± 3 3 ± 1 16 ± 1 9 ± 1 
a = 0.880 ± 0.001 
c = 1.219 ± 0.001 

a = 0.287 ± 0.001 

Nd2Fe14B + 0.5% Cu 81 ± 3 16 ± 3 3 ± 1 16 ± 1 9 ± 1 
a = 0.880 ± 0.001 
c = 1.219 ± 0.001 

a = 0.287 ± 0.001 

Figure 4 presents typical hysteresis loops for samples with different Cu content after crystallization annealing 

in vacuum at T = 600 °C for 15 min. The results the magnetic properties measurements of the samples after 

annealing are presented in Table 3. 
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Figure 4 Hysteresis loops of Nd-Fe-B samples with Cu after annealing at T = 620 °С for 15 min 

Table 3 Magnetic properties of Nd-Fe-B samples with Cu after annealing at T = 620 °С for 15 min 

Sample 
Coercivity Hci 

(kA/m) 

Remanence σr  

(A·m2/kg) 

Saturation magnetization σs 
(A·m2/kg) 

Nd2Fe14B + 0% Cu 166 44 120 

Nd2Fe14B + 0.05%Cu 253 54 120 

Nd2Fe14B + 0.1%Cu 215 50 118 

Nd2Fe14B + 0.3%Cu 266 57 120 

Nd2Fe14B + 0.4%Cu 376 67 126 

Nd2Fe14B + 0.5%Cu 109 44 121 

According to the magnetic properties measurements results, it can be concluded that with increasing annealing 

temperature and Cu content, the saturation magnetization values do not change for all samples. However, the 

regularity of the extreme dependence of the coercivity and the remanence is also traced for all alloys. The 

hysteresis properties for samples with 0 % Cu are small for all temperatures. With the Cu content increase, 

magnetic properties slightly increase and at the level of 0.1 % there is properties drop, which may be 

associated with an insufficient amount of copper to interact with the grain boundary phase. While about 20 % 

of Fe is released in the alloy. A further increase in Cu leads to a significant increase in magnetic properties 

and reaches its maximum at a concentration of 0.4 % Cu. This can be associated with the optimal amount of 

Cu necessary to create a continuous non-magnetic layer along the grain boundaries, which is necessary to 

obtain a highly coercive state. A further increase in Cu leads to a significant decrease in properties, which is 

in good agreement with published data [7-9]. 

Since it is not possible to detect the direct influence of Cu on the microstructure and magnetic properties by 

the structural methods used in this work, one of the other indirect methods is to study the low-temperature 

dependences of the magnetic properties. The temperature dependence of the hysteresis properties is well 

studied and it is known that with the temperature decrease, the coercivity and remanence increase. However, 

as a result of the presence of a spin-reorientation transition in the Nd2Fe14B compound at 135 K, below this 
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temperature the hysteresis properties drop. Works [11] showed that if the dependence 4�9  vs :	/
 down to 

the temperature of the spin-reorientation transition is described by a linear approximation, this indirectly 

indicates on the pinning mechanism in the formed non-magnetic copper layer. Figure 5 shows the temperature 

dependence of coercivity for the Nd-Fe-B alloy with 0.4% Cu, measured at temperatures from 300 to 50 K in 

a field of up to 2600 kA/m. 

 

Figure 5 The temperature dependence of the coercivity in coordinates 4�9 <:
=
>? 

According to these results, it was found that down to the temperature of the spin-reorientation transition in the 

Nd2Fe14B compound (135 K), the curve is well described by a linear approximation. This can be related to the 

presence of a domain walls pinning mechanism, presumably in the phases formed by the Cu addition. 

4. CONCLUSION 

The Nd-Fe-B alloys with Cu additions (0 - 0.5 %) were obtained by the mechanochemical synthesis method 

(MS). It was found that during the MS a partial decomposition of the crystalline phase Nd2Fe14B into the 

amorphous phase (20 %) and α-Fe (8 %) occurs. According to SEM, the particle size was about 1 μm. The 

particles have an internal substructure. 

After MS the magnetic properties of the samples have an extreme dependence for the remanence and 

coercivity with a maximum at 0.4 % Cu. The change in the saturation magnetization is insignificant. 

The annealing of the samples in the temperature range 560 - 620 °С (for 15 min) leads to crystallization of the 

amorphous phase and is accompanied by the coercivity and remanence increase. The maximum hysteresis 

properties were obtained on samples with 0.4 % Cu at T = 620 °C: Hc = 376 kA/m, σr = 65 A·m2/kg. In alloys 

with a lower Cu content, a decrease in hysteresis properties is observed (even compared to alloys without 

additions), which can be due to the Nd2Fe14B phase amount decrease. While Cu concentrations were more 

than 0.4%, it leads to the formation of a large amount of α-Fe. 
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As a result of low-temperature magnetic measurements, it was found that down to the temperature of the spin-

reorientation transition, the dependence 4�9  vs :	/
 is linear, which is probably due to the presence of a 

domain walls pinning mechanism, presumably in the phases formed by the Cu addition. 
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Abstract 

Aluminum alloys, which have a higher content of alloying elements, are prone to crystal segregation. This 

segregation will significantly affect the physical, mechanical and chemical properties of these alloys. Crystal 

segregation is essentially micro-scale chemical heterogeneity and occurs during alloy crystallization. The 

experimental work described in the paper is focused on the identification of chemical heterogeneity in the alloy 

EN AW-2024 (AlCu4Mg1). It is one of the most important aluminum alloys, which is intended for use in the 

aerospace and military sectors in the fuselage applications of such areas as wing tensioning structures and 

elements. To refinement of the structure and improve the mechanical properties, the alloy was inoculated with 

AlTi3B1 in various concentrations and the effect of this inoculant on the refinement of the structure was studied. 

The formation of crystal segregation in Al alloys cannot be prevented, but its extent can be influenced, or it 

can be suppressed by the correct choice of parameters using heat treatment, which was applied in this 

experiment as well. Optical microscopy and EDS analysis were used to evaluate experimental samples, by 

which the distributions of individual elements and phases were documented. 

Keywords: AlCu4Mg1, chemical heterogeneity, AlTi3B1, heat treatment, colour etching 

1. INTRODUCTION 

Copper is considered one of the most important elements in aluminum alloys, thanks to the high solubility in 

aluminum and the reinforcing effect. Strengthening occurs at low temperatures by heat treatment, at high 

temperatures it occurs to the creation of alloys with iron, manganese, nickel, etc. Many industrial aluminum 

alloys contain copper either as a basic admixture or act together with other alloying elements in the amount of 

1 - 10 wt%. The equilibrium phases in the Al-Cu system on the side of both metals creates unrestricted solid 

solutions (Cu) and (Al) with a cubic face-centered lattice. The maximum solubility of copper in solid aluminum 

solution under equilibrium conditions is 2.48 at% (5.7 wt%) Cu at the eutectic temperature 548.2 °C 1. The 

effort of all leading foundries is to get to the castings with the finest structure. The reason for this trend is the 

fact that castings with a fine structure have better mechanical properties, both strength and plastic (Rm, Re, A), 

than castings whose structure is coarse-grained. Grain refinement has been applied since the discovery of the 

beneficial effect of the inoculation nuclei addition for heterogeneous nucleation 2,3. The fine structure is 

necessary to eliminate column crystallization, hot cracking associated with insufficient metal reach during 

volume changes at the crystallization with interdendritic porosity, or to prevent cold cracking, which is 

associated with low values of ductility of the material in the cast state 4. The elements that refine the structure 

due to the formation of crystalline nuclei are: Ti, B, Zr, Sc. The addition of one of these elements also changes 

the cooling curve of the alloys. The melting points of all listed applied elements, which form the relevant 

intermetallic phases, are much higher than the melting temperatures of foundry Al alloys. This means that 

when we add the appropriate master alloy to the melt, e.g. AlTi5B1, melting of Al occurs, but not to the melting 

of the intermetallic phases. Therefore, it is important that the applied master alloys, with the aim to refine the 
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structure, had, in addition to the required chemical composition, also a suitable size of the respective 

intermetallic particles and a quality 1,5. A common industry standard is the addition of a grain refiner based 

on AlTi, AlTiB, AlTiC, AlB4C 6. 

Aluminum alloys with a higher content of alloying elements are very prone to the formation of crystal 

segregation, which significantly affects the mechanical, physical and chemical properties of these alloys. 

Crystal segregation is called micro-scale chemical heterogeneity and occurs during crystallization. 

Crystallization of alloys does not take place at a specific temperature, as is in the case of pure metals, but 

within a certain temperature range. As the melt cools, different areas are formed within the dendritic cells that 

differ in chemical composition. In general, crystal segregation can be defined as chemical heterogeneity 

resulting from the crystallization of an alloy that is enriched or depleted in alloying elements and impurities that 

segregate unevenly over the entire surface area of the dendrites. The formation of crystal segregation in 

aluminum alloys rich in alloying elements and admixtures cannot be prevent, its extent can only be influenced 

and suppressed by the correct choice of heat treatment parameters. To suppress crystal segregation, the 

castings are subjected to heat treatment. It is a diffusion process in which the chemical composition of the 

alloy is balanced and take places the uniformization of its structure. 

The scientific goal of this paper is to analyze the structure of a specific alloy AlCu4Mg1 (EN AW-2024) in 

connection with the practice using optical microscopy (color metallography) and SEM/EDS inoculated with 

AlTi3B1 and heat-treated (homogenization annealing). This is a solution to a specific case of alloy application, 

inoculation and heat treatment parameters in practice. This experiment is part of a wider research, which is 

focused on increasing the mechanical properties of this particular alloy by inoculating AlTi3B1 and AlTi5B1 in 

various concentrations with subsequent heat treatment under specific required conditions. In this paper we 

present the results of AlCu4Mg1, inoculated with AlTi3B1 in a concentration of 0 0.3 3 wt% (the experiment 

is of course much more extensive, but for the purposes of this paper only these concentrations and conditions 

are presented). 

2. EXPERIMENTAL 

AlCu4Mg1 alloy supplied by the manufacturer with a chemical composition according to the standard ČSN EN 

573-1 Aluminum and aluminum alloys - Chemical composition and types of formed products - Part 1: Numerical 

designation was used for the preparation of castings. The aluminum alloy was melted in an induction furnace 

at 720 °C, the furnace temperature was captured using a digital thermometer with an accuracy of  2 °C. The 

melt was treated during melting by refining salt and the smear was shut down from the melt surface. At the 

end of the melting process, AlTi3B1 wire was added to the alloy in concentrations 0 0.3 3 wt%. The heat 

treatment parameters were set: heating of castings 500 °C, holding at a temperature of 360 min and cooling 

to water, the subsequent ageing took place naturally. The chemical composition of the prepared alloys was 

determined with spectrometric analysis on device Tasman Q4 and is listed in Table 1.  

Table 1 Chemical composition of experimental AlCu4Mg1 alloy (wt%) 

Element/ 
Sample 

Si Fe Cu  Mn Mg Cr Ni Zn Ti Al 

1 0.480 0.062 5.049 0.010 0.460 <0.002 <0.002 0.255 0.043 residue 

2 0.479 0.077 4.874 0.246 0.216 <0.002 <0.002 0.261 0.117 residue 

5 0.518 0.071 4.477 0.271 0.342 <0.002 <0.002 0.256 0.157 residue 

6 0.451 0.062 4.217 0.075 0.266 <0.002 <0.002 0.251 0.125 residue 

11 0.500 0.084 5.350 0.267 0.071 <0.002 <0.002 0.258 0.234 residue 

12 0.541 0.072 5.141 0.033 0.750 <0.002 0.0024 0.242 0.176 residue 
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2.1. Optical microscopy analysis 

Metallographic experimental samples (Figures 1 - 12) were prepared from castings by the classical procedure 

of metallographic samples preparation (cutting, grinding, and polishing) and subsequently color etched. Color 

etching was performed with a solution of potassium permanganate KMnO4 in alkaline medium of sodium 

hydroxide NaOH for the time 40 seconds. Thus, prepared samples were observed and scanned by confocal 

laser microscope. 

  

Figure 1 Microstructure of the alloy AlCu4Mg1        

0 wt% of AlTi3B1, unetched, sample 1 

Figure 2 Microstructure of the alloy AlCu4Mg1     

0 wt% of AlTi3B1, etched, sample 1 

  

Figure 3 Microstructure of the alloy AlCu4Mg1         

0 wt% of AlTi3B1, heat-treated, unetched, sample 2 

Figure 4 Microstructure of the alloy AlCu4Mg1     

0 wt% of AlTi3B1, heat-treated, etched, sample 2 

  

Figure 5 Microstructure of the alloy AlCu4Mg1    

0.3 wt% of AlTi3B1, unetched, sample 5 

Figure 6 Microstructure of the alloy AlCu4Mg1    

0.3 wt% of AlTi3B1, etched, sample 5 

Figure 1 shows the microstructure of the AlCu4Mg1 alloy before and Figure 2 the microstructure after color 

etching. The situation is similar in Figure 3 and Figure 4, where it is also possible to observe the effect of heat 

treatment. The method of color metallography enables at quality level observe and document the present 
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intermetallic phases and heterogeneity of chemical composition or crystal segregation within the dendritic cells. 

Individual colors tones after a cross-section of dendritic cell documenting the inhomogeneity of chemical 

composition. From the figures of microstructures is well illustrated in color heterogeneity of the chemical 

composition of dendritic cells and interdendritic space. After the heat treatment, it is possible to observe the 

dissolution of one or more phases in the solid solution. As a result of this treatment, chemical heterogeneity 

was also partially removed. 

  

Figure 7 Microstructure of the alloy AlCu4Mg1, 0.3 

wt% of AlTi3B1, heat-treated, unetched, sample 6 
Figure 8 Microstructure of the alloy AlCu4Mg1, 0.3 

wt% of AlTi3B1, heat-treated, etched, sample 6 

  

Figure 9 Microstructure of the alloy AlCu4Mg1       

3 wt% of AlTi3B1, unetched, sample 11 
Figure 10 Microstructure of the alloy AlCu4Mg1 3 

wt% of AlTi3B1, etched, sample 11 

  

Figure 11 Microstructure of the alloy AlCu4Mg1, 3 

wt% of AlTi3B1, heat-treated, unetched, sample 12 
Figure 12 Microstructure of the alloy AlCu4Mg1, 3 

wt% of AlTi3B1, heat-treated, etched, sample 12 

Figure 5 shows the microstructure of the AlCu4Mg1 alloy before and Figure 6 the microstructure after color 

etching. In these figures, it is possible to observe the effect of the addition of AlTI3B1 on the refinement of the 

structure (0.3 wt%). Figures 7 and 8 then show the state of the structure in the unetched and etched state 
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after heat treatment, where we can observe the dissolution of the intermetallic phases and the equalization of 

the chemical composition of the alloy and the uniformity of its structure. The same is for the alloy of the 

experimental sample in Figure 9 (unetched) and Figure 10 (etched), where the experimental samples with 3 

wt% of AlTi3B1 inoculum content. Figures 11 and 12 then show the state of the structure after heat treatment. 

2.2. Evaluation using SEM and EDS (Electron Dispersive Spectroscopy) analysis 

To evaluate the effect of heat treatment on chemical heterogeneity, the AlCu4Mg1 alloy was subjected to EDS 

analysis (area - Figure 13, Figure 14 A, point - Figure 14 B), which showed the distribution of aluminum as 

the base metal and individual alloying elements in a selected area of the AlCu4Mg1 alloy sample before and 

after heat treatment. Sample 6 is presented in the paper (AlCu4Mg1, 0.3 wt% of AlTi3B1, heat-treated). 

 

Figure 13 SEM and EDSof the alloy AlCu4Mg1, 0.3 wt% of AlTi3B1, heat-treated, sample 6 

 

Figure 14 EDS of the alloy AlCu4Mg1, 0.3 wt% of AlTi3B1, heat-treated sample 6 

Table 2 EDS analysis of theAlCu4Mg1 alloy, distribution of Al, Cu and other elements (wt%) 

Element / Area Al Cu Si Mg Fe Mn Ti B 

P1 81.05 5.58 3.41 0.63 4.02 5.31 - - 

P2 75.24 24.76 - - - - - - 

P3 83.85 3.66 - - - - 0.06 6.93 

It is apparent from the concentration map Figure 13 and Figure 14 A of experimental alloy AlCu4Mg1 that the 

aluminum distribution over the whole surface of dendritic cells is relatively uniform. From Figure 13 and  
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Figure 14 A, it can be seen the increased concentration of copper in the interdendritic spaces. From the 

distribution of the iron, manganese and silicon it can be seen that there is also the area in interdendritic space 

that was subsequently analyzed by EDS point method and points to the presence of a phase with elements 

listed below (Fe, Mn, Si). Ti, B particles are also present in the structure, which are connected with AlTi3B1 

inoculation and are dispersed in  solid solution. Figure 14 B shows a point analysis of selected areas and 

the elemental composition of these areas is shown in Table 2. 

3. CONCLUSION 

The experimental work described in this paper is focused on the identification of chemical heterogeneity in the 

alloy EN AW-2024 (AlCu4Mg1). The structure of the alloy was influenced using AlTi3B1 inoculant in different 

wt% amount and heat treatment (homogenization annealing).  

Metallographically prepared experimental samples were examined to microstructure observation using an 

optical microscope. To investigate the heterogeneity of the structure, the samples were color etched before 

and after heat treatment. The method of color etching and subsequent analysis by optical microscopy is a very 

useful tool for evaluating the microstructure of the material. Nowadays, when methods such as SEM, XRD, 

TEM and others predominate, classical optical metallography still has its significance and its results often 

cannot be replaced by any of these methods. Both the effect of AlTi3B1 on grain size and the effect of heat 

treatment was observed in the structure, which affected the chemical heterogeneity and caused the phases 

dissolution. Chemical heterogeneity strongly depends on the solidification rate of the alloy and was identified 

using the method of color metallography, which confirmed the considerable chemical heterogeneity of 

experimental alloys. Extensive segregation arising at these experimental alloys was confirmed also by energy-

dispersive spectroscopy, when recorded concentration maps were rich in copper in interdendritic space. This 

method confirmed the presence of different phases, which caused the emergence of extensively crystal 

segregation and subsequently they were removed by homogenization annealing. In the AlCu4Mg1 alloy, 

occurs mainly the binary eutectic  + CuAl2 and a small amount of ternary eutectic  + CuAl2 + S (Cu2Mg2Al5). 

In addition to these basic components of the phases, there are other phases, namely Mg2Si, FeAl3, AlFeMnSi, 

AlCuFeMn. 
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Abstract  

This paper focuses on the effect of AlTi3B1 grain refiner on the microstructure and mechanical properties of 

AlCu4Mg1 alloy. Inoculant in the form of a master alloy with a titanium content of 3 [wt%] and boron content 

of 1 [wt%] was added to the alloy in various amounts. Boron is completely bound in the insoluble TiB2 phase, 

which is usually very finely precipitated in the master alloy. The residue of the titanium content is precipitated 

in the form of polyhedral particles of the melt-soluble intermetallic phase TiAl3. Inoculation of aluminium alloys 

is performed in order to improve the mechanical and technological properties of the material. In the case of 

inoculation, this improvement is mainly due to an increase in chemical and structural homogeneity and a 

decrease in the tendency to segregate individual elements. Optical microscopy was used to observe the 

microstructure, which evaluated the structure and its changes depending on the content of the inoculant and 

also the effect of heat treatment. In this experiment, we further focused on the hardness of the AlCu4Mg1 alloy 

after heat treatment and the addition of various amounts of inoculant. Hardness was evaluated from both a 

macro and a micro perspective using the Brinell and Vickers method. This is because the microhardness of 

the alloy can be significantly affected by the occurrence of chemical heterogeneity in the solidified casting. 

Keywords: AlCu4Mg1, inoculation, AlTi3B1, heat treatment, microhardness, microstructure 

1. INTRODUCTION 

Grain size is one of the key factors that affect microstructure and metal/alloy properties. Fine structure leads 

to a more dispersed and refined porosity distribution, to a decreasing tendency to hot tearing, improve 

directional feeding characteristics, cause defects in hot spots, although it can also reduce fluidity. Reducing of 

the grain size has also influence on properties, e.g. strengthening through the Hall-Petch relationship, 

improved wrought processing by reducing the recrystallized grain size and achieving a fully recrystallized 

microstructure more easily 1. In the early studies, it was found that the addition of other elements to the metal 

before solidification leads to a transition from columnar to equiaxed grain morphologies, although the effects 

of second phases and eutectic were also observed. The modern grain refiners for Al-based alloys are 

described in the work 2,3. Inoculation of hypoeutectic aluminium alloys is performed with Ti or a combination 

of Ti and B. These elements are added to the melt using inoculum salts. (e.g. K2TiF6, KBF4), inoculum tablets 

or in the form of Al-Ti or Al-Ti-B master alloys. During the titanium inoculation, Ti reacts with Al to form an 

intermetallic phase TiAl3. This phase has the same grid as Al (K12) with parameters close to the grid of Al. 

That is why it is such an ideal crystallization nucleus. Phase TiAl3 reacts with melt Al in a peritectic reaction at 

temperature 665 °C. Around the particle, TiAl3 an envelope of solid solution forms (Al) and further growth of 

aluminium dendrites continues. TiAl3 form relatively coarse formations with a size of up to 100 m. The finer 

the dispersion of TiAl3, the more effective is the inoculant effect of the master alloy. Nuclei of TiAl3 gradually 

dissolve in the melt and the inoculum effect fades over time. Effective action is about 30 to 45 minutes. As for 

effect B, this element itself does not act as an inoculant in the alloy. With Al, it forms intermetallic phases AlB2, 
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TiB2 or (Al,Ti)B2 with size 0,5-2 m. These particles then serve as nuclei. Due to B, the fading rate is 

significantly slowed down and the inoculum effect even lasts even after remelting 4,5.  

The mechanical properties of aluminium alloys depend mainly on the type and properties of the base metal, 

on the dispersion of the structural components, on the presence and shape of the intermetallic phases and the 

heat treatment. The fine-grained structure improves all mechanical properties as well as many technological 

properties of alloys. From the point of view the mechanical properties, the tensile strength at normal 

temperature, yield strength (Rp0,2), ductility and hardness are usually monitored. In some cases, properties at 

elevated temperatures, fatigue properties or dimensional stability are important. The mechanical properties 

are also greatly influenced by the cooling rate therefore they must be evaluated on samples solidifying under 

comparable conditions. The strength limit of common aluminium alloys in the cast state (depending on the 

alloy, casting method and wall thickness) is in the range of about 150-250 MPa. The strength properties are 

greatly increased by hardening. To hardenable alloys belongs the alloys type Al-Si-Mg, Al-Si-Cu and Al-Cu. 

High-strength alloys include in particular alloys of the type Al-Cu. These alloys reach a tensile strength of up 

to 350 MPa at high ductility. However, the disadvantage of these alloys is the very unfavorable foundry 

properties 4,6,7. The Al-Cu-Mg alloy belongs to the group of alloys with higher and high strength, but with 

low corrosion resistance. The most used materials of this group are mainly dural AlCu4Mg, AlCu4Mg1 and 

AlCu4Mg1Mn, achieving considerable strength after curing by heat treatment (Rm to 530 MPa). The maximum 

solubility of copper in solid aluminium solution is under equilibrium conditions is 2.48 at% (~ 5.7 wt%) Cu at 

the eutectic reaction temperature 548.2 °C (Figure 1) 4. 

 

Figure 1 Binary diagram Al-Cu 4 

Al - Cu alloys mechanical properties depends on whether Cu is present in a solid solution in the form of a 

spheroidal or dispersed particle, or whether it forms a network at grain boundaries 4,6,7.  

The article deals with the influence of AlTi3B1 inoculant on the microstructure and mechanical properties 

(hardness) of AlCu4Mg1 alloy (EN AW 2024) depending on the inoculant content AlTi3B1 from 0 to 5 wt% and 

heat treatment. The structure analysis also included image analysis of the fraction (phase analysis) and grain 

size analysis performed on an optical microscope with PC and software. Stream Essentials. It is a solution of 

a specific case of alloy application, inoculation and heat treatment parameters in practice. This experiment is 

part of wider research, which is focused on increasing the mechanical properties of this particular alloy by 

inoculating AlTi3B1 and AlTi5B1 in various concentrations with subsequent heat treatment. In the paper we 

present the results AlCu4Mg1, inoculated with AlTi3B1 in concentrations 0 0.1 0.3 0.5 1 3 5 (wt%) (the 

experiment is, of course, more extensive, but for the purposes of this paper only these concentrations are 

presented).  

wt% Cu 

at% Cu 

T (°C)
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2. EXPERIMENTAL PART 

AlCu4Mg1 alloy was used for the preparation of castings. This alloy was supplied by the manufacturer with a 

chemical composition according to the standard CSN EN 573-1 Aluminium and aluminium alloys - Chemical 

composition and types of wrought products - Part 1: Numerical designation. The aluminium alloy was melted 

in an induction furnace at 720 °C, the furnace temperature was captured using a digital thermometer with an 

accuracy of  2 °C. The melt was treated during melting by refining salt and the smear was shut down from 

the melt surface. At the end of the melting process, AlTi3B1 wire was added to the alloy in concentrations 0 

0.1 0.3 0.5 1 3 5 (wt%). Graphite crucibles were used for casting. The heat treatment parameters were set 

by heating the castings 500 °C, withstanding at the temperature of 360 min. and cooling to water, subsequent 

ageing was unaffected.  

2.1. Optical microscopy analysis and image analysis 

Metallographic experimental samples were prepared from castings by the classical procedure of preparation 

of metallographic samples (cutting, grinding, and polishing). Thus, prepared samples were observed and 

scanned by confocal laser microscope. The binary eutectic +CuAl2 mainly occurs in the alloy AlCu4Mg1 (type 

AlCuMg) and a small amount of ternary eutectic +CuAl2+S (Cu2Mg2Al5). In addition to these basic phase 

components, there may be other phases, namely: Mg2Si, FeAl3, AlFeMnSi, AlCuFeMn etc., Figure 2. 

  

Figure 2 Structure of the AlCu4Mg1 alloy in the cast 

state, one of the most common phases of the 

duralumin type is CuAl2 (creates cross-linking along 

grain boundaries), without heat treatment, sample 1, 

0 wt% AlTi3B1 

Figure 3 Structure of the AlCu4Mg1 alloy, after 

heat treatment, dissolution of phases, sample 2,  

0 wt% AlTi3B1 

  

Figure 4 Structure of the AlCu4Mg1 alloy, without 

heat treatment, sample 7, 0.5 wt% AlTi3B1 

Figure 5 Structure of the AlCu4Mg1 alloy, after 

heat treatment, sample 8, 0.5 wt% AlTi3B1 

Figures 2 to 5 document the structure of the material before and after heat treatment and with different addition 

of AlTi3B1 inoculant. Thanks to the heat treatment, the phases dissolved in the  matrix. A favorable effect of 

the inoculant on grain refinement was also observed when examining the structure. For the purposes of this 

100 μm 100 μm 

100 μm 100 μm 
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paper, only representatives from all experimental samples (samples 1, 2, 7 and 8) are listed. Grain size 

measurements were performed on metallographic sections by image analysis of Grain Intercept, resp. 

measurement Grain size number G according to ASTM. 

The influence of heat treatment can be monitored by means of phase analysis, from which we obtain, for 

example % fraction. In the phase analysis, we measure the proportion that the phase area occupies in the 

experimental samples. The results of the phase analysis are shown in Table 1, the analyzed area with the 

drawn phases that were analyzed is shown in Figure 6. The results are plotted in Figure 8 (samples after heat 

treatment are marked in yellow). 

Table 1 The image analysis results - fraction %, Grain size number G 

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Fraction % 

7
.0

1 

3
.7

1 

4
.5

8 

3
.3

5 

5
.1

3 

4
.4

9 

9
.6

0 

4
.7

7 

7
.5

1 

3
.9

8 

6
.7

4 

4
.1

8 

7
.8

8 

6
.3

7 

Heat treatment no yes no yes no yes no yes no yes no yes no yes 

% AlTi3B1 0 0 0.1 0.1 0.3 0.3 0.5 0.5 1 1 3 3 5 5 

Grain size number G 1.76 - 2.26 - 3.32 - 2.93 - 2.48 - 2.93 - 3.41 - 

 

  

Figure 6 Phase analysis - fraction %, sample 7  Figure 7 Image analysis grain size, sample 1 

 

Figure 8 Graphical representation of the phase analysis result  

The ASTM E112-13 grain size number, G, is defined as: NAE = 2G-1 where NAE is the number of grains per 

square inch at 100X magnification. Grain boundary intersection count: Determination of the number of times a 

test line cuts across, or is tangent to, grain boundaries, Figure 7. 

Phase analysis showed the effect of heat treatment on a number of phases. Due to the heat treatment of the 

experimental samples, the phases dissolved and this corresponds to the proportion of the fraction before and 

after the heat treatment. After heat treatment, the fraction is always lower. In this analysis, the results are 
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greatly influenced by the quality of the metallographic sample and also by the place from which the observed 

sample was taken, resp. from which part of the casting. Grain size measurements confirmed the effect of the 

inoculum on grain size. The grain size was measured on unheated samples. The results are shown in  

Table 1. ASTM grain size number increases with decreasing grain size. 

2.2. Hardness and toughness measurement 

The hardness test of castings made of AlCu4Mg1 alloy was performed according to the standard CSN EN ISO 

6506-1 on a hardness tester Ernst Harrteprufer AT 250 at nominal load value HBW5 (F = 1 225 N, 125 kgf), 

which acted on the test specimen (ball with a diameter of 5 mm) for 10 s. The results of the Brinell hardness 

measurements are plotted in Figure 9 (samples after heat treatment are marked in yellow). The microhardness 

test of castings from AlCu4Mg1 alloy was performed according to the standard CSN EN ISO 6507-1 on the 

microhardness tester Mitutoyo HM-220 at the nominal value of load HV 0.2 (F = 1.961 N, 200 g), which acted 

on the test specimen for 10 s. Table 2 shows the Brinell and Vickers hardness measurements and the 

calculated (orientation) value Rm. The table shows the arithmetic mean of 20 measurements for all 

experimental samples (�̅), standard deviation () and variance of values (2). 

Table 2 Hardness measurement HBW, HV 

HBW/Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

BC 71.1 82.0 74.2 98.6 77.7 102.0 77.9 88.1 76.4 84.1 75.9 87.5 74.8 85.9 

 1.2 2.1 1.2 3.4 11.6 5.7 3.0 2.6 3.5 6.8 3.8 2.3 4.8 2.7 

2 1.5 4.4 1.4 11.6 2.6 32.4 8.9 6.9 12.2 46.1 14.5 5.2 23.0 7.4 

HV/Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

BC 93.6 94.0 68.6 99.2 86.8 109.5 92.5 100.9 84.7 111.9 69.3 109.9 90.4 97.0 

 21.9 5.4 9.7 12.5 13.5 10.7 7.4 3.7 8.3 3.9 7.2 7.3 11.3 8.3 

2 479.8 29.4 94.3 155.2 182.5 113.8 55.3 13.4 68.7 14.9 51.8 52.7 127.2 69.4 

Rm (MPa) (calc.) 
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Figure 9 Graphical representation of the hardness measurement result HBW 

The results of the measurements show a favorable effect of the inoculant and heat treatment on the hardness 

of the AlCu4Mg1 alloy. The hardness values were found to increase with increase of AlTi3B1 content, which 

is mainly attributed to the refinement of grains. Brinell measurements indicate that due to the AlTi3B1 inoculant 

content is the most preferred concentration 0.3 a 0.5 wt%. At this content, the hardness was highest. We 

achieved the increase in hardness by heat treatment. The results of Vickers measurements were significantly 

affected by the occurrence of chemical heterogeneity in the solidified casting. Defections in variance values 
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and standard deviation are caused by structural inhomogeneity, where especially in the case of Vickers 

measurements, hardness was affected with the hard brittle intermetallic particles, whose hardness is different 

from the primary  dendritic structure. Due to the technology of gravity casting into graphite crucibles in 

laboratory conditions, there were pores in the structure, which are not a favorable defect in terms of mechanical 

properties.  

3. CONCLUSION 

In the present work, the effect of AlTi3B1 grain refiner on microstructure and mechanical properties of 

AlCu4Mg1 allow was studied. The following conclusions can be drawn based of the experimental results:  

 the addition of AlTi3B1 master alloy reduced the grain size of AlCu4Mg1 alloy,  

 the heat treatment was evaluated by means of phase analysis and its favorable effect on the structure 
was evaluated by means of phase analysis, 

 the proportion of fraction was lower in the samples after heat treatment, 

 due to the favorable results of the image analysis (reduction of grain size, dissolution of intermetallic 
phases after heat treatment) a favorable effect of the inoculant on the mechanical properties was 

expected, 

 mechanical properties of AlCu4Mg1 alloy were improved by the addition of AlTi3B1 master alloy,  

 at a content 0.3 wt% of AlTi3B1 the hardness increased from 71 HBW to 78 HBW and from 82 HBW to 

102 HBW after heat treatment, 

 the results are significantly affected by the sampling site for metallographic sample,  

 however, the results can be used to assess the beneficial effect of the addition of inoculant on the 

microstructure and mechanical properties of the contents 0.3 and 0.5 wt% AlTi3B1 for specific 

AlCu4Mg1 alloy processing conditions. 
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Abstract 

The immiscible Cu-Fe system is often used as a base for new advanced alloys. In the current study, three 

batches of the same immiscible (Cu70Fe15Co15)89W11 alloy were prepared by mechanical alloying with different 

milling time and subsequent SPS consolidation. The effect of milling time on the microstructure and the 

properties of the powder and bulk samples was subject to study. The microstructure of the milled powder 

samples consists of FCC Cu-based supersaturated solid solution and particles of pure W, which did dissolve 

only partially. During the SPS consolidation, Cu-based supersaturated solid solution partially decomposed and 

(Fe, Co)-based solid solution, (Fe, Co)7W6 phase, and pure Cu phase were formed. Increasing the milling time 

results in the finer microstructure of the consolidated samples and in the enhancement of their hardness. The 

maximum hardness achieved is 395HV1. The longer milling time has a negative effect of decrease in relative 

density of consolidated samples, caused by larger size of the milled powders.   

Keywords: Immiscible alloy, mechanical alloying, phase separation, spark plasma sintering 

1. INTRODUCTION 

Most alloys are formed in systems with a negative enthalpy of mixing which leads to the formation of solid 

solutions and intermetallic compounds [1]. There are, however, many systems that do not form alloys at room 

temperature due to their positive enthalpy of mixing [2,3]. In this case, elements show no mutual solubility at 

room temperature and, therefore, the equilibrium microstructure is composed of separated phases of two pure 

elements. This allows preparing materials with an interesting combination of properties such as high strength 

and high electrical conductivity or superior magnetic properties [4-7] that is difficult to achieve with common 

materials. In addition, it is possible to alloy a selected phase by elements miscible with one of the basic 

components and immiscible with the second one, which allows control the resulting microstructure and tailor 

the mechanical properties [8-10]. Nevertheless, most immiscible systems exhibit miscibility gap even in the 

liquid state, which leads to the effect of liquid separation and, therefore, it is very difficult to prepare immiscible 

alloys with a uniform microstructure by means of conventional casting. Various methods such as gas 

atomization, high pressure torsion, laser melting technique, or mechanical alloying have been thus 

experimentally proven to be feasible for fabrication immiscible alloys [4,11-13]. 

The Cu-Fe is a well-known immiscible alloy with low positive enthalpy of mixing showing metastable miscibility 

gap in the liquid state. Cu-Fe alloy is being studied intensively due to its great combination of high electrical 

conductivity and good mechanical strength that makes it a promising material for sensors, electrical contact 

materials etc [5,14]. Moreover, this system is used as a base for new advanced alloys [8,9,15]. At room 

temperature, the microstructure of Cu-Fe alloy consists of separated BCC-Fe phase and FCC-Cu phase. This 

allows alloying each of the phases individually and creating hierarchical material with desirable microstructure 

and mechanical properties. Elements such as Co, Si, Nb, W, etc. are added to Cu-Fe alloy in order to fabricate 

high strength immiscible material [8,9,16]. To achieve optimal strength-ductility combination, it is essential to 
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understand the influence of additive elements on the resulting microstructure and to optimize methods of 

fabrication. 

Mechanical alloying has been proven to be a suitable method for the preparation of Cu-based immiscible alloy 

[6,17]. This method, however, has many variable parameters that strongly influence the properties of the 

resulting powder. One of the most important parameters is the milling time that has a significant effect on the 

size and homogeneity of the powder. In this paper, three different milling times were used for the preparation 

of immiscible (Cu70Fe15Co15)89W11 alloy and the final powder size and its microstructure were investigated. 

Subsequently, the samples were consolidated by spark plasma sintering technique, and the observation of 

microstructural evolution was carried out. Furthermore, Vickers hardness and relative density of samples were 

measured. 

2. MATERIALS AND METHODS 

Immiscible alloy with the chemical composition of (Cu70Fe15Co15)89W11 was prepared by powder metallurgy 

route. Elemental powders of iron, cobalt, copper, and tungsten with a purity of 99.5 % were used as starting 

materials. The powder mixture was entered into milling bowl together with hardened bearing steel balls of 10 

mm and 15 mm diameters, in a 1:10 powder-to-ball weight ratio (PBR). Mechanical alloying was performed 

under argon atmosphere in a planetary ball mill (Fritsch Pulverisette 6) with the milling speed of 240 RPM. The 

powders were milled for 15 h, 50 h, and 100 h (referred to as W15, W50, and W100, respectively). Each milling 

comprised of cycles that were set as 60 min of milling and 30 min idle time. To remove the powder stuck to 

the surfaces of the milling balls, an additional 15 min of wet milling in ethanol was performed.  

The milled powders were consolidated by spark plasma sintering technology (SPS) using Sumitomo Coal 

Mining, Dr. Sinter SPS machine in Central European Institute of Technology in Brno (CEITEC). Consolidation 

was carried out in a vacuum atmosphere using graphite die with 20 mm inner diameter. The following sintering 

scheme was used: 100 °C·min-1 heating rate from RT up to 600 °C at the pressure of 6 MPa with a 5 min dwell 

time at 600 °C to remove any organic compound potentially present. Then, 100 °C·min-1 from 600 °C up to 

800 °C with a 5 min dwell time at 800 °C and the pressure of 50 MPa. After sintering, the samples were 

spontaneously cooled down to room temperature in a vacuum atmosphere. The resulting bulk samples were 

cylinders approximately 6 mm high with 20 mm diameter.  

Powder and bulk samples for microstructural observations were prepared by hot mounting in a polymeric resin 

and grinding with SiC paper up to 4000 grit size, followed by polishing with 3 μm and 1 μm particle size diamond 

paste. The phase composition and crystallite size of phases were measured by X-ray diffraction (XRD). Philips 

X'Pert Pro diffractometer was used with Cu-K radiation= 0.15418 nm), operated at 40 kV voltage with a 

current of 30 mA. A continuous scanning was performed for 2from 20° to 120° by the speed of 0.014°·min-1 

and step size of 0.0167°. The scanning electron microscope (SEM) characterization was performed using 

ZEISS Ultra Plus FEG microscope. Energy-dispersive X-ray spectroscopy (Aztec, Oxford Instruments) (EDS) 

was used for the measurement of chemical composition.  

The Vickers hardness was measured using Qness Q10A hardness tester with 1000 g load and 10 s dwell time. 

The presented values are an average of six measurements. Relative density was measured on the cross-

section of the samples at 100× magnification by image analysis.   

To obtain an equilibrium phase diagram of the present alloy, CALPHAD calculations were performed using 

ThermoCalc software (version 2020a) with thermodynamic database TCHEA3 v3.1.  

3. RESULTS AND DISCUSSION 

Figure 1 shows the equilibrium phase diagram of the Cu70Fe15Co15 alloy with varying W contents. Up to 890 °C 

the structure is predicted as FCC pure Cu, BCC (Fe, Co)-based solid solution and rhombohedral intermetallic 
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phase (Fe, Co)7W6. It is expected that the structure of milled powders will not correspond to the calculated 

phase diagram, as mechanical alloying is a non-equilibrium fabrication technique. However, the alloy should 

reduce its Gibbs energy during sintering and, therefore, moves its phase composition towards an equilibrium 

state. 

 

Figure 1 Equilibrium phase diagram of Cu70Fe15Co15-W system 

3.1. Powder samples 

The size of milled powder increases with increasing milling time (Table 1). The cause for this is the excessive 

cold welding effect, which typically happens upon dry milling of ductile metals and their alloys such as Sn, Al, 

or Cu [18]. The XRD analysis of the milled powders presents that the microstructure is composed of two 

phases: a FCC phase, corresponding to Cu-based supersaturated solid solution of all elements, and a BCC 

phase, corresponding to pure W. Crystallite size and weight fraction of both phases are presented in Table 1. 

The smallest crystallite sizes were achieved in W50 sample. Presumably, sample W100 is partially 

recrystallized due to high energy input upon milling which leads to increase in the crystallite sizes of both 

phases. In Figure 2, the SEM micrographs of the milled powders are shown. The microstructure of sample 

W15 contains relatively large W particles, compared to the other two samples (Figure 1(a)). The weight fraction 

of pure W analyzed in the microstructure is 28.8 % that is the same as the weight fraction of original W powder 

which means that no W dissolved into Cu-based solid solution. Tungsten particles in the microstructure are 

therefore only milled particles of the original W powder. Microstructures of W50 and W100 samples are very 

similar, containing round nano-sized W particles and several voids (Figure 1(b, c)). In both samples, the weight 

fraction of pure W particles is about 10 % lower than in sample W15 (Table 1). Tungsten was, therefore, 

partially dissolved into Cu-based supersaturated solid solution by mechanical alloying. Since the weight 

fraction of pure W is almost the same in samples W50 and W100, it is possible to conclude that approximately 

10 wt% of W can be maximally dissolved into Cu-based supersaturated solid solution in the Cu70Fe15Co15-W 
system.  

Table 1 XRD analysis and powder size of milled powders 

Samples FCC BCC Particle size 
(μm) 

Amount (wt%) Crystallite size (nm) Amount (wt%) Crystallite size (nm) 

W15 71.2 12.2 28.8 25.3 88 

W50 81.9 11.9 18.1 18.6 290 

W100 80.4 14.4 18.6 19.5 434 

(°
C

) 
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Figure 2 Micrographs of milled powders: a) W15; b) W50; c) W100 

3.2. Bulk samples 

According to XRD analysis (Table 2), the microstructure of consolidated samples is composed of FCC 

Cu-based phase, BCC (Fe, Co)-rich phase, and (Fe, Co)7W6 phase, which is in good agreement with the 

equilibrium phase diagram. Nevertheless, the equilibrium amount of FCC phase is 53.1 wt% which means, 

that only partial decomposition of Cu-based supersaturated solid solution occurred during sintering and, 

therefore, the amount of FCC phase measured by XRD corresponds to the sum of the amounts of Cu-based 

supersaturated solid solution and Cu phase. The reason for this incomplete decomposition is the short SPS 

procedure time. In Figure 3, the SEM micrographs of the consolidated samples are shown. Microstructures of 

all samples contain large areas of pure Cu that have been formed by decomposition and fine mixture of 

(Fe, Co)7W6 phase, (Fe, Co)-rich phase, and Cu-based supersaturated solid solution. It is not possible to 

identify (Fe, Co)-rich phase and Cu-based supersaturated solid solution due to an extremely slight difference 

in contrast which is caused by the presence of (Fe, Co)7W6 phase. In addition, except for the phase of pure 

Cu, the chemical composition of all other phases cannot be measured by EDS since the size of the phases is 

below the detection limit of the EDS measurement. The average chemical composition of these phases is 

practically the same for all samples: 50 wt% Cu, 11 wt% Fe, 11 wt% Co, 28 wt% W. 

Sample W15 possesses the lowest value of hardness, which is the result of its relatively coarse microstructure, 

compared to other samples (Figure 3(a)). Microstructures of samples W50 and W100 are very fine and uniform 

- see Figure 3(b, c) that leads to enhanced hardness (Table 2). Sample W100 shows higher value of hardness 

than sample W50 despite of lower amount of (Fe, Co)7W6 phase that is assumed to be the hardest phase in 

the present microstructure. The probable reason could be a decrease in the strengthening of Cu-based 

supersaturated solid solution caused by the formation of (Fe, Co)7W6 phase, which does not compensate this 

decrease in hardness. The hardness of sample W100 is approximately twice higher than the hardness of 

Cu-Fe alloy [19]. On the other hand, sample W100 shows the lowest relative density after consolidation 

whereas sample W15 is nearly fully densified (Table 2). The reason is the difference in the size of milled 
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powders (Table 1). The coarse powder is less suitable for consolidation. To reduce the cold welding effect, a 

process control agent (PCA) such as methanol, ethanol, and stearic acid is usually added to the powder 

mixture during milling [18, 20]. 

Table 2 The proportion of phases measured by XRD, HV1 and relative density of bulk samples 

 

Figure 3 Micrographs of bulk samples: a) W15; b) W50; c) W100 

4. CONCLUSIONS 

In this paper, an immiscible (Cu70Fe15Co15)89W11 alloy was prepared by powder metallurgy. Based on the 

results, the following conclusions can be drawn:  

 size of milled powders increases with increasing milling time which causes decreasing of the relative 
density of the consolidated samples, 

 approximately 10 wt% of W can be maximally dissolved into FCC Cu-based supersaturated solid 

solution, that is formed during mechanical alloying,  

 the microstructure of consolidated samples consists of partially decomposed Cu-based supersaturated 

solid solution, (Fe, Co)7W6 phase, (Fe, Co)-rich solid solution and pure Cu phase; the finer 

microstructure was achieved with longer milling time, 

Sample Amount of phases (wt%) Hardness HV1 Relative density (%) 

FCC BCC (Fe, Co)7W6 

W15 70.3 14.6 15.1 265 99.9 

W50 67.0 13.3 19.7 345 93.7 

W100 71.8 16.3 12.9 395 90.3 
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 increasing milling time leads to enhancement of hardness; the maximum hardness achieved is 395 HV1. 
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Abstract  

In this study, manufacturing of functionally graded ceramic reinforced aluminum matrix composite materials 

(FG-Al-MMC) by using direct semi-solid stirring and sequential squeeze casting method has been investigated. 

As a matrix material Al-7075 and as a reinforcement material SiC ceramic particles have been chosen for 

composite materials of FGM layers. Aluminum composite mixtures with different reinforcement ratios have 

been prepared by mechanically mixing SiCp reinforcements into semi-solid aluminum alloy and, FG-Al-MMC’s 

have been produced by pouring the composite mixtures into a mold on top of each other in liquid form where 

each layer has been solidified under pressure. The partial melting of the previous layer due to the added liquid 

layer and the applied pressure cause bonding between layers with a transition region. This process has been 

repeated sequentially until a structure with the desired thickness and features were obtained. The structure 

formed between the layers with this manufacturing method was investigated by taking samples from different 

layers and transition regions of FG-Al-MMC. Density analyses, spectrometric analyses and optical analyses 

were carried out to determine the properties of FG-Al-MMC material. As a result, it is observed that successful 

production of functionally graded aluminum composite materials by the direct semi-solid stirring and sequential 

squeeze casting methods is possible.  

Keywords: Functional graded materials, Al 7075, FG-Al-MMC, semi-solid stirring, squeeze casting 

1. INTRODUCTION 

The ever-changing technological innovations have made our technical development, progress in 
understanding and processing the material even more important over time. Today, scientists and engineers 
recognize the importance of using innovative materials for economic and environmental reasons [1]. 
Functionally graded materials are advanced engineering materials designed for a particular performance or 
function where a rating in structure and / or composition has self-tailored properties [2]. The term of functional 
graded material (FGM) is defined as a new group of composite materials with graded structural functions 
across the section. With the adoption of it as one of the 10 advanced technologies in 1992, FGM technology 
has reached the global level and gained an important quality [3]. Today, functional graded materials are used 
in many areas, for example; rocket bodies, turbine blades, military applications as a protective armor layer [4-
8], fusion energy systems, tool materials as hard metal, optoelectronic tools [9], biomedical applications as 
implants [10] and many others. FGMs in machine elements are developed to reduce their weight, increase 
their wear resistance and strength and stop the spread of surface damage [11,12]. 

Ceramic reinforced light metals (Metal Matrix Composites) are used in the defense industry to reduce of military 
weapons and vehicles weight [8,13]. MMC materials also provide ballistic protection. Light metals reinforced 
with high-strength ceramic particles consolidate under dynamic loads and exhibit excellent strength and 
hardness properties. The biggest advantage of FG-MMC composites is that it contains graded functions of 
toughness and other material properties throughout the structure [3]. MMC materials are produced in functional 
grade structure in order to protect from shock waves and shock impact effects especially in military vehicles, 
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armor applications. Numerous studies have been conducted to develop these materials for the use of metal 
matrix composites [8,14-17]. Some of the traditional and non-traditional methods are adapted and used for the 
production of FG-MMC materials. Production methods can be generally classified as liquid and solid phase 
methods. It is the most applied method among productions using liquid phase is centrifugal casting [18]. A 
liquid mixture is created with the ceramic particles mixed into the molten metal in the desired proportions, and 
then FGM is produced in the form of a hollow cylinder by applying the centrifugal casting method. Due to the 
differences in the density of the materials, a structure with a dense ceramic layer on the outer surfaces of the 
material section and an increasing amount of metal material towards the inner parts is obtained. FG-MMC 
production studies are carried out by gradually coating composite mixtures prepared in certain proportions by 
gradually coating the composite mixtures prepared in certain proportions by keeping the graded structure in 
the molten metal or by adapting the production methods and plasma spray methods of ceramic particles, which 
are deposited with auxiliary way such as vibration [17]. In addition to the known solidification problems 
encountered in monolithic materials in these materials obtained by using liquid phase, problems such as not 
being able to provide homogenous mixture, lumping, and pushing ceramic powders out of the material due to 
the ceramic material contained in the material are also encountered. The most preferred solid phase production 
method in FG-MMC production is powder metallurgy methods and there are many studies on this subject [19-
21]. Functional grade structure is better controlled with this method [6]. However, the size of FGM materials, 
produced by the powder metallurgy method, is limited. In addition, the method is costly and includes highly 
sensitive and long processing procedures. 

In this study, most of the problems encountered in liquid and solid phase production methods are overcome 
by using semi-solid mixing method. The semi-solid mixing method is a method that has more advantages than 
other methods. The reinforcing material can be mixed homogeneously into the matrix material, problems such 
as clumping the reinforcement outside the mixture and uncontrolled segregation are not occur. In addition, the 
reinforcement and matrix contact briefly at relatively lower temperatures, undesirable interface reactions are 
reduced [22]. The squeeze casting process applied in the second stage provides better internal structure 
properties, reduces porosity and increasesstrength properties. Al7075 as a matrix material and SiC as a 
reinforcement selected for the production of FG-Al-MMC. The formed FG-Al-MMC material properties are 
examined using density analysis, spectrometer analysis and optical microscope analysis. 

2. EXPERIMENTAL PROCESS 

2.1. Material 

AA7075 was chosen from 7XXX series alloys as the matrix material for the production of SiC reinforced 

composite materials. In this alloy; copper is the main alloying element, magnesium, chrome and zirconium are 

additional alloying elements and its among the aluminum alloys with the highest mechanical strength. The 

properties of AA7075 Aluminum alloys and SiCp reinforces are given in Table 1, Table 2 and Table 3. 

Table 1 Physical and mechanical properties of AA7075 

Density 2.81 g/cm3 Coefficient of linear expansion (293 K - 373 K) 23x10-6 K-1  

Elasticity module 71-72 GPa Thermal conductivity (373 K - 673 K) 130 W/m·K  

Specific heat (273 K - 373 K) 0.97 J/g·K Resistance (293 K) 0.049x10-6 Ω·m 

Table 2 Chemical compounds of AA7075 (wt%) 

Element Si Fe Cu Mg Mn Cr Zn Ti 

Minimum - - 1.2 2.1 - 0.18 5.1 - 

Maximum   0.4 0.5 2 2.9 0.3 0.28 6.1 0.2 
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Table 3 Physical and mechanical properties of SiCp 

Particle Size (μm) Density (g/cm3) Tensile strength (GPa) E- Module (GPa) 

SiC 15 - 340         3.2                3.0        480 

2.2. Methods 

In this study, heat treatment was applied to increase the wettability of the reinforcing powders. The heat 

treatment of SiC particles used as reinforcing materials; After being kept in the oven at 1100 ˚C for 5 hours, 

they were allowed to cool at room temperature and oxidized. Aluminum composite slurries were prepared 

using direct semisolid stirring method. This method is described in a patent held by Urkmez Taskin and Taskin 

[23]. 

 

Figure 1 a) Schematic diagram of process b) produced FG-Al-MMC material c) view of layers in sample 

Sequential squeeze casting operations were carried out by following the process steps described 

schematically in Figure 1a. Firstly, Al 7075 matrix material prepared in a certain volume by dividing into small 

pieces was poured into the mold without reinforcement and solidified under pressure. Thus, the formation of 

the first layer was achieved. By ensuring that the matrix material that will form the second layer remains at a 

semi-solid temperature, 5 % by weight ceramic particle reinforcements were mixed into the matrix by means 

of a mechanical mixer. The composite mixture was poured on the first layer in the mold placed under the press 

table and solidified under pressure. In this process, while pouring the composite mixture in liquid form onto 

solidified aluminum, it is aimed to form partial melting by contact of the solidified aluminum material with the 

liquid material. After pouring the liquid material into the mold, pressure was applied and the composite mixture 

was solidified on the first layer. After the 5 %, 10 %, 15 % and 20 % SiCp reinforced composite mixtures were 

sequentially poured and solidified under pressure, the process was terminated and FG-Al-MMC material was 

produced (Figures 1b and 1c). 

2.3. Optical microscope analysis 

The optical examination samples respectively were passed through 280,400, 600, 800, 1000, 1200, 2000 and 

4000 mesh SiC sandpapers and then polished with 6 µm, 3 µm, 1 µm diamond paste using suitable felts. 

Finally, it is prepared for microstructure studies by polishing with colloidal silica. Optical images were taken 

respectively from 5 %, 10 %, 15 %, 20 % SiCp-reinforced layers and their transition zones. 

2.4. Density analysis 

Density measurements were made by cutting pieces from different regions on the layers. Densities of the 

samples obtained from the produced materials were calculated using metler toledo 1/1000 gr precision scale, 

which can measure according to Archimedes principle. 
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2.5. Spectrometer analysis 

In order to determine the chemical composition of the produced FG-Al-MMC material, spectrometry analyses 

were performed on each layer of the sample. Spectrometry analyses were carried out with the X-Ray 

fluorescent spectrometer instrument in the TUBITAK MAM X-Rays laboratory. 

3. RESULTS 

3.1. Density analysis results  

Density measurements of samples taken from the FG-Al-MMC sample layers and transition zones were 

investigated. The results are given in Table 4. In Table 4 both measured density values and theoretical 

densities are given, and porosity amounts showing the difference between the two are also calculated. The 

values obtained indicate that the density increases as the reinforcement rates increase in the layers. This is 

an expected result. The density in the transition zones higher than the values measured in the upper and lower 

layers; Partial melting occurs in this region during production, indicating that the two layers mix well locally. 

The fact that it is low indicates that pores have formed in this region or the reinforcements have left this area 

during melting. In microscopic examinations, no separation was observed in this transition zone and it indicates 

that the pore formation is intense. When passing from 15 % SiCp reinforced layer to 20 % SiCp reinforced 

layer, the high pore quantity in the transition zone that is formed confirms the density measurement results as 

shown in Table 4. 

Table 4 Density measurement results 

SiCp   (wt%) Layers 
Measured density 

(g/cm3) 
Theoretical density 

(g/cm3) 
Porosity 

(%) 

0 % 1. Layer 2.787 2.81 1.079 

0 % - 5 % Transition zone of 1-2 layers 2.790 --- --- 

5 % 2. Layer 2.799 2.83 1.433 

5 % - 10 % Transition zone of 2-3 layers 2.805 ---  

10 % 3. Layer 2.812 2.85 1.423 

10 % - 15 % Transition zone of 3-4 layers 2.845 --- --- 

15 % 4. Layer 2.840 2.87 1.105 

15 % - 20 % Transition zone of 4-5 layers 2.831 --- --- 

20 % 5. Layer 2.848 2.89 1.581 

Ram Prabhu, produced functional graded composite materials made of 6 % and 9 % SiCp reinforced 7075 

Aluminum alloy using the centrifugal casting method and examined their characteristics. Since the density of 

the SiC particles (3.21 g/cm3) is greater than the matrix material (2.81 g/cm3), it confirmed the determination 

that the density of the material will increase as the reinforcement rate increases [24]. The density results seen 

in Table 4, increase with the increasing reinforcement rate in accordance with the literature. In the study, the 

rate of porosity was found above 3 % in 9 % SiCp reinforced FGM. As the reason that the measured density 

values are lower than the theoretical density values and the porosity is high. In the liquid matrix material, it is 

stated that the aggregation and gas compaction increase with the increase of reinforcement particles and 

therefore the porosity values increase in these regions. In this study, in theFG-Al-MMC material we obtained 

by applying semi-solid mixing and sequential squeeze casting, the rate of porosity in the 20 % SiCp reinforced 

region was measured around 1.5 % and it was observed that the method could form less porous structure 

[19,20]. In addition, in FG-Al-MMC material, it has been observed that porosity increases with increasing 
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reinforcement rate, but both the rate in this increase and the functional graded transition in terms of 

microstructure are better than in centrifugal casting [24,21]. 

3.2. Spectrometer analysis results 

In spectrometer analysis results, layers with different reinforcement ratios and SiCp ratios in these layers are 

clearly seen in Table 5. While the ratios of the other elements do not change significantly, the change in the 

Si element in the composition of the SiCp used as a reinforcing material appears to increase in proportion to 

the reinforcement rate of this element. 

Table 5 Spectrometer analysis results (wt%) 

 Si Fe Cu Mn Mg Cr Zn Al 

1. Layer 0.0610 0.0254 0.516 0.0287 1.57 0.257 4.00 93.4 

2. Layer  2.42 0.639 1.21 0.0817 2.69 0.159 4.57 88.1 

3. Layer 6.42 0.831 1.45 0.167 2.80 0.241 4.79 83.1 

4. Layer 14.32 0.798 1.69 0.0441 2.38 0.200 5.50 74.8 

5. Layer 20.84 1.03 1.60 0.0253 2.01 0.190 4.94 68.7 

3.3. Optical Microscope Analysis Results 

Optical microscope images, respectively was taken from 0 %, 5 %, 10 %, 15 %, 20 % SiCp reinforced layers 

and their combination zones. The images shown with a, c, d and g in Figure 2. belong to the intermediate 

regions (transition zone) and b, d, f, h are main regions (layers). Respectively a = 0 % - 5 % SiCp transition 

zone, b = 5 % SiCp layer, c = 5 % - 10 % SiCp transition zone, d = 10 % SiCp layer, e = 10 % - 15 % SiCp 

transition zone, f = 15 % SiCp layer, g = 15 % - 20 % SiCp transition zone, h = 20 % SiCp layer. 

 

Figure 2 Optical microscope images 

In Figure 2a, it is observed that in the transition zone of the layers with 0 % and 5 % SiCp reinforcement, the 

line is almost lost, there are no large pores and oxide layers, and good bonding is achieved. In Figure 2c, 

there is a partial diffusion region where there is no line in the junction area, and adhesion is observed where 

there is a line. Generally, it is observed that there is some clumping in the main regions. 

500 μm 500 μm 500 μm 500 μm 

500 μm 500 μm 500 μm 500 μm 
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4. CONCLUSION 

 Semi-solid stirring and the sequential squeeze casting technique were applied together and the 

production of functional graded aluminum composite materials has been successfully realized by 

pouring the composite mixture with five different reinforcement ratios and solidifying it under pressure. 

 By mixing the SiCp reinforcements into the semi-solid aluminum alloys mechanically, aluminum 

composite material mixtures with different reinforcement ratios can be obtained homogeneously. 

 FG-Al-MMC material was produced by creating transition zones between the layers. FGMs with different 
functions can be produced by this method by changing the number and thickness of the layers. 

 In sequential squeeze casting, the process should be carried out in an inert gas environment in order to 

prevent or minimize the formation of oxide layers that will prevent liquid diffusion between the two layers. 
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Abstract 

A chemical, mineralogical and granulometric characterization of the waste tailings of Pachuca, Hidalgo, 

Mexico, was conducted. Characterization results indicate that these argentian wastes contain 56 g Ag ton−1 in 

a quartz matrix, where silver is present as metal, as argentite and as argentian-jarosite. Results on the nature 

of the alkaline cyanidation reaction demonstrate that it can be divided into two processes: the first process 

consists of a quick cyanidation of the metal silver and of argentite. A second process then takes place: the 

alkaline decomposition of the argentian-jarosite where the decomposition products of this ore are quickly 

cyanided. Therefore, this second process consists of two consecutive phases, as previously observed in other 

studies on synthesized argentian-jarosite-type compounds. The chemical-control and diffusive-control kinetic 

models were tested in order to determine which model controls the global alkaline cyanidation process.  

We found that once the quick cyanidation (process 1) of metal silver and argentite takes place, the 

experimental results corresponding to process 2 adapt to both models with a similar regression coefficient.  

It can be concluded that the global decomposition and cyanidation process of argentian-jarosite is controlled 

in a mixed manner. The experimental rate constant obtained in this study for the naturally formed jarosite was 

0.007 min−1, which is very similar to that of the synthetic jarosite obtained in previous studies. 

Keywords: Waste tailings, silver, cyanidation, kinetics 

1. INTRODUCTION 

The mining district comprising Pachuca and Real del Monte in the State of Hidalgo, México, has been providing 
the world with silver for 470 years. However, the argentian resources of this region have suffered an extensive 
exploitation, resulting in more than 100 million tons of waste tailings located in several sites around the city of 
Pachuca and surrounding municipalities. These tailings or mine dumps are becoming an environmental issue 
for the city of Pachuca and the Municipality of Mineral de la Reforma. There are mainly two causes for this: 
first, because, in periods of strong winds, dust clouds are formed which seriously affect the inhabitants’ health; 
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a second point is that these residues take up 1200 hectares, obstructing the city’s proper and sustainable 
growth. Since the value of this precious metal is 16.666 US dollars perounce (as of December 10th 2019) and 
these tailings contain 56 g Ag ton-1, it renders them economically appealing [1]. 

For these reasons, this piece of work presents an extensive reprocessing study of the Dos Carlos waste tailings 
of the city of Pachuca with the aim of: 1) Recovering the silver contained in those residues through different 
silver leaching methods. 2) Using these residues as alternative construction material and in the glass industry. 
This paper presents only the results of the granulometric, mineralogical and chemical characterization, as well 
as the stoichiometry of the cyanidation reaction in NaOH media of the Dos Carlos tailings located in the 
northeast area of the city of Pachuca. Of the mining metallurgical district of the company Real del Monte y 
Pachuca, these tailings are the second richest in silver. It is found in different forms: quartz matrix, distributed 
as metal silver, as argentite and as argentian-jarosite. This last ore is also called argentian potassium jarosite 
when it is synthesized in laboratories [2]. This compound is also obtained in the metallurgical industry, where 
the precipitation of jarosite has been widely used in the hydrometallurgical circuits of zinc as a means to control 
the impurities of the solutions containing it [3], generating millions of tons of this jarosite type compound that 
has a high silver content. 

2. EXPERIMENTAL 

2.1.  Materials 

A 2×103 g sample of the Dos Carlos waste tailings was obtained. It was wet- and dry- sieved with the Tyler 

standard series. It was thoroughly characterized by X-ray diffraction (XRD), Atomic Absorption Spectroscopy 

(AAS), Inductively Coupled Plasma (ICP), and Scanning Electron Microscopy with X-ray microanalysis (SEM-

EDS). The silver content of the sample was 56 g Ag ton−1. The tailings’ density was determined by means of 

a picnometer, using water as immersion medium. The result was 2.65 g cm−3. 

2.2. Experimental procedure 

It is known that, for obvious reasons, the cyanidation of ores is practiced at alkaline pH levels between 9 and 

12. The experiments were conducted in a conventional glass kettle coupled to a mechanical stirring system 

provided with an RPM meter, a thermometer and a pH meter to control the concentration of alkaline reagent. 

The kettle was also coupled to an electric heater that allows to dial temperature variations of ± 0.5 °C. The 

argentian tailings’ cyanidation was conducted in a 500 cm3 kettle under the following experimental conditions: 

40 gargentian tailings sample, 25 °C, 1×10−2 mol L−1 [NaOH], 2.04×10−2 mol L−1 [NaCN], and a stirring rate of 

750 min−1 in order to keep the solids suspended and to avoid the liquid film diffusion effect. 

Since this study on the stoichiometry of alkaline cyanidation shows that silver ions are removed from the solids 

and diffuse towards thesolution, the reaction was followed by analysis of silverion sinthe liquid. In order to 

achieve this, samples of approximately 10 ml were taken at previously selected time intervals. They were then 

filtered and analyzed by AAS. Alterations due to sampling and reagent addition were corrected through mass 

balance. The x fraction of cyanided silver was calculated with the following: 

x =[Ag]t / [Ag]∞                 (1) 

where [Ag]t is the concentration of silver at a time t, and [Ag]∞ is the concentration of Ag after the solids have 

been completely leached. 

The kinetic models [4,5,6] selected for the experimental data on the cyanidation in NaOH, were the following: 

1-(1-x)1/3 = kexpt    (chemical-control model)        (2) 

1-3(1-x)2/3 + 2(1-x) = kexpt  (diffusive-control model)        (3) 

Where kexp is the experimental rate constant, x = reacted fraction, and t is the reaction time. 
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3. RESULTS AND DISCUSSION 

Table 1 shows the particle size distribution and silver content for each of the particle sizes retained on the 

Tyler mesh series. It can be observed that the precious metal is mainly distributed between mesh sizes 200 

(74 µm) and 400 (37 µm). The highest silver concentration (147 g Ag ton−1) was found at particle sizes under 

Tyler -400 (-37 µm).  

Table 1 Particle size distribution and silver content (according to size distribution) of the waste tailings 

Mesh size Mesh opening (μm) Weight (g) Retained (%) Ag content (g/Ton) Au content (g/Ton) 

-140 +200 -105   +74 15.58 15.58 59 0.60 

-200 +270 -74   +53 10.12 10.12 51 0.55 

-270 +400 -53   +37 4.50 4.50 60 0.65 

-400 -37 15.83 15.83 147 1.20 

Figure 1 presents the X-ray Diffraction (XRD) spectrum, showing the presence of jarosite (KFe3(SO4)2(OH)6) 

in a quartz (SiO2) matrix with other main species, such as orthoclase, albite (NaAlSi3O8) andberlinite (AlPO4). 

Geyne [7] reported this compound as argentian-jarosite; it is native to the Paricutin mine in the mining district 

of Pachuca and Real del Monte.  

 

Figure 1 X-ray diffractogram of the tailings. The major species are: Quartz (SiO2), O-Orthoclase (KAlSiO3), 
A-Albite (NaALSi3O8), B-Berlinite (AlPO4) and J-Jarosite (KFe3(SO4)2(OH)6) 

Table 2 summarizes the AAS and ICP chemical analysis data, where it can be observed that the silver and 

gold content is 56 g ton−1 and 0.60 g ton−1, respectively. It can also be noted that the major elements are 

silicon, sulfur and aluminum, whereas the minor elements are iron, potassium, strontium, calcium, sodium, 

phosphorus and barium. The rest are considered trace elements. Table 3 presents the tailings’ quantitative 

chemical analysis by X-ray Fluorescence (XRF, the chemical composition is given as oxides), which confirmed 

that the waste tailings are made of a quartz matrix whose SiO2 and Ag contents are 70.43 % 55 g ton−1, 

respectively. The problem is to explain how silver is distributed in the Dos Carlos waste tailings. In this respect 

SEM-EDS images show that the silver is distributed as follows: a) In metal form, as shown in Figure 2a, where 

an 8 µm particle can be observed. Figure 2b shows the same particle’s X-ray microanalysis (EDS), showing 

the typical intensity peaks of metal silver. b) In the form of argentite, as observed on Figure 3a, where argentite 

particles of up to 2 µm were obtained; Figure 3b displays the EDS analysis of these particles, showing the 

typical intensity peaks of argentite. c) In the form of argentian-jarosite. Figure 4a shows argentian-jarosite 
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particles finally scattered in the quartz matrix, and Figure 4b presents the EDS analysis of the argentian-

jarosite particles, where the typical intensity peaks of this ore can be observed, with elements such as sulfur, 

iron, potassium and silver. This confirms that the peaks correspond to those of argentian-jarosite, also known 

as silver potassium jarosite when it is obtained in the laboratory [2]. 

Table 2 Chemical composition of the waste tailings Atomic Absorption Spectroscopy (AAS), and Inductively 

Coupled Plasma (ICP) 

Element Wt% Element Wt% 

Au (g ton−1) 0.60 g ton−1 Ca 0.200 

Ag (g ton−1) 56 g ton−1 Si 56.00 

Table 3 Quantitative chemical analysis of the waste tailings.  

             X-ray Fluorescence (XRF) 

Element Wt% 

SiO2 70.43 

Ag 55 g ton−1 

Au 0.58 g ton−1 

 

 

Figure 2 a) SEM-backscattered electron image of a silver particle b) Energy dispersive X-ray microanalysis  

of Figure 2a 

 

Figure 3a) SEM-backscattered electron image of 

argentite particles. b) Energy dispersive X-ray 

microanalysis of Figure 3a 

 

Figure 4 a) SEM-backscattered electron image of 

argentian potassium jarosite. b) Energy dispersive X-

ray microanalysis of Figure 5a 

b) a) 
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The results of the nature of the alkaline cyanidation reaction are shown in Figure 5, where it can be noticed 

that the first process consists of a quick cyanidation of the metal silver and silver corresponding to argentite. 

A second process then takes place: the alkaline decomposition of the argentian-jarosite. The decomposition 

products of this ore are quickly cyanided; therefore, this second process consists of two consecutive phases, 

as previously observed in other studies on synthesized argentian-jarosite-type compounds [8]. The reaction 

stoichiometry of the previously mentioned processes isdescribed as follows: 

Process 1:                                     

2Ag(s) + 4NaCN(aq) + ½O2(g) + H2O(l)                     2Na[Ag(CN)2](aq) + 2NaOH(aq). . . . quick       (4) 

Ag2S(s) + 4NaCN(aq)                2Na[Ag(CN)2](aq) + Na2S(s). . . . quick         (5) 

Process 2: 

(KxAg1−x)Fe3(SO4)2(OH)6(s) + [3+(1−x)]OH−(aq) xK+(aq) + (1−x)Ag(OH)(s) + 3Fe(OH)3 + 2SO2−4(aq) . . . . slow     (6) 

(1−x)Ag(OH)(s) + 2CN−(aq)              (1−x)[Ag(CN)2]2−(aq) + (1−x)OH−(aq). . . . quick       (7) 

 
Figure 5 Cyanidation curve of silver: 2.04×10−2 mol L−1 [NaCN], 1×10−2 mol L−1 [NaOH] and 298 K 

 

Figure 6 Representation of the chemical-control and diffusive-control models for the data in Table 3 and 

Figure 5 
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The chemical-control and diffusive-control kinetic models were then tested in order to determine which controls 

of the global process of alkaline cyanidation. We found that once the quick cyanidation (process 1) of metal 

silver and argentite takes place, the experimental results corresponding to process 2 adapt to both models 

with a similar regression coefficient, as observed on Figure 6. Therefore, it can be concluded that the global 

decomposition and cyanidation process of argentian-jarosite is controlled in a mixed manner. The experimental 

rate constant obtained in this study for the naturally formed jarosite was 0.007 min−1, which is very similar to 

that of the synthetic jarosite obtained in previous studies [9]. 

4.  CONCLUSIONS 

The Dos Carlos waste tailings located in Pachuca, Hidalgo, Mexico, are made of a quartz matrix that contains 

silver in metal form, as argentite and as argentian-jarosite. The silver content of these mining wastes is 56 g 

Ag ton−1. The stoichiometry of the alkaline cyanidation consists of: 1) Quick cyanidation of both metal silver 

and silver present in the form of argentite, and 2) Slow decomposition of the argentian-jarosite and quick 

cyanidation of the silver contained in the decomposition products. The experimental rate constant of the 

naturally formed argentian-jarosite is similar to that of the synthesized silver potassium jarosite.  
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Abstract 

Copper matrix reinforced with iron or carbon steel particulate composites were made by means of the powder 

metallurgy route. The reinforcement particles were added to copper metal powders with the composition of 15 

wt% Fe and mixed mechanically. Each mixture of the investigated powders was cold compacted at 624 MPa. 

The green compacts were sintered at 900 °C in dissociated ammonia atmosphere. Identification of the 

structure was performed on the basis of iron-copper phase diagram. Results of X-ray microprobe analysis 

allowed to find that the reinforcement particles were connected with copper matrix by solid solutions. Also the 

concentration of iron in copper across the iron (or steel)-copper matrix boundary was investigated. 

Measurements showed that the highest hardness of 41 HB could be achieved for Cu-steel composites because 

particles contained cementite. The same composites also had higher electrical conductivity (27 MS/m that was 

about 48 % of electrical conductivity of sintered copper) because their copper matrix contained lower 

concentration of iron atoms. Tribological tests showed that the wear mass loss of the copper-steel composites 

was approximately 2 times smaller than for the copper-iron composites and about 2.3 times smaller than for 

sintered copper.   

Keywords: Copper, iron, carbon steel, sintered composite, properties   

1. INTRODUCTION 

Both copper and copper alloys have a wide range of properties that account for their extensive use as 

engineering materials. A pure copper has a very good electrical and thermal conductivity but on the other hand 

has also a very low abrasion resistance. The copper-based alloys generally have high level of hardness and 

wear resistance, but their electrical conductivity is low in comparison with copper. For example, silicon bronze, 

tin bronze, and manganese bronze have an electrical conductivity lower than 10 MS/m while pure copper has 

even 58.6 MS/m [1]. Therefore, it appears that composites containing high purity copper and hard particles or 

layers could meet the opposed requirements: high electrical conductivity and high abrasion resistance. This 

second phase could be composed of other metals [2-4], intermetallics [5-7] or ceramics [8-17]. Metal-

intermetallic composites offer an attractive combination of the component properties. The process of synthesis 

between elemental powders or foils has been widely used to produce intermetallic and ceramic powders and 

two-phase composites [5-7]. Unfortunately, during the synthesis process between metals atoms can migrate 

to copper significantly lower the conductivity. On the other hand, ceramic particles in composites are not 

conjoined with metal matrix and can be easily removed. The conductivity of a material produced by powder 

metallurgy (PM) is normally affected by the material porosity, which is typical for PM parts [3,18]. Besides 

porosity, the interface between different phases in the microstructure, as well as powder initial shape and 

surface chemical characteristics can also affect the electrical and thermal conductivity [19]. In heterogeneous 

materials, the thermal and electrical conductivity is also affected by the phases distribution and chemical 

composition, especially when there is the formation of intermetallics, which can decrease the conductivity [3]. 
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Therefore, using particles of iron or iron-carbon alloys that do not form any intermetallics with copper seems 

to be a good idea. The purpose of this study was to recognize the effect of sintering process on the 

microstructure, hardness and electrical conductivity of copper-matrix composites with iron-based particles as 

well as investigate their wear behavior. 

2. EXPERIMENTAL PROCEDURE 

Materials used in this experiment were copper (99.9 at% Cu), iron (99.84 at% Fe) and plain-carbon steel 

(containing 98.56 at% Fe, 0.79 at% C, 0.24 at% Mn, 0.23 at% Si, 0.14 at% Cr, 0.02 at% S and 0.02 at% P) 

powders. The average grain size of all used powders was in the range from 20 to 100 m. The cylindrical 

specimens of 20 mm in diameter and 10 mm high from pure copper or mechanically mingled mixtures 

containing additionally 15 wt% of iron or carbon steel were subjected to single-track pressing on a hydraulic 

press at a compaction pressure of 624 MPa. The green compacts were sintered at 900 °C for 1 h in a sillit 

tubular furnace in dissociated ammonia atmosphere and then cooled in a cooler mounted in the furnace. The 

microstructure analyseis on the metallographic specimens were performed using scanning electron 

microscope JEOL JMS 500. The chemical composition of the investigated regions was determined by an 

electron microprobe analysis using ISIS 300 Oxford Instruments. Identification of the phases was performed 

on the basis of iron-copper phase diagram. The hardness of the composites was measured with a steel ball of 

5 mm in diameter at a load of 2453 N using the Brinell method in accordance with the EN ISO 6506-1:2014 

standard. The electrical conductivity tests were performed using the GE Phasec 3D device employing the eddy 

current method. The density of sintered materials was determined by weighing the specimens in air and water 

using WPA120 hydrostatic scales in line with the EN ISO 2738:2001 standard. The tribological tests were 

conducted using device with a roll on block configuration. The roll of 35 mm x 9 mm was made of hardened 

100Cr6 steel with a hardness of 62 HRC. The blocks with a dimension of 6 mm x 8 mm x 15 mm were made 

of sintered materials. The test was performed with a rotational speed of 130 rpm with a load of 5 N. The loss 

of weight was measured with accuracy of 0.0001 g every 10 minutes during the test which lasted 1 h. The total 

path of friction was 864 m.  

3. RESULTS AND DISCUSSION 

3.1. Microstructural investigations 

At the beginning of the investigations the microstructure of fabricated composites was studied. First the 

analysis was performed by an optical microscope (Figure 1). 

    

Figure 1 Microstructure of copper-iron (a) and copper-steel (b) composites 
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The introduction of powdered iron (or steel) particles caused a distinct change in microstructure of obtained 

composites. Both types of particles of various sizes were evenly distributed in a copper matrix. Only in certain 

areas of composites, the particles were 

bonded into agglomerates. Introduced 

particles have not dissolved in the 

matrix during the sintering process, but 

were connected with copper matrix by 

solid solution that could be seen around 

them. Then the microstructure of coper-

matrix composites was studied by a 

scanning electron microscope (SEM) 

equipped with a system for microprobe 

analysis. The main aims of these 

examinations were identification of the 

chemical composition of synthesized 

phases and determination of the iron 

concentration profile across the 

interface between copper and 

reinforcement particles. A study of the 

microstructures was based on the Fe-

Cu binary phase diagram presented in 

Figure 2. 

 

The elemental analysis performed by the X-ray spectroscope was made for three different regions of the 

diffusion zone indicated by dots in Figure 3. 

  

Figure 3 Places of elemental analysis of the diffusion zone between iron (a) and steel (b) particles and 

copper together with Fe and Cu concentration profiles across particles and matrix   

Figure 2 Fe-Cu binary phase diagram [20] 
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An exemplary X-ray diffraction spectrum for diffusion zone is given in Figure 4. The Fe and Cu content, 92.51 

and 7.49 at. %, respectively, suggests (accordingly to the Fe-Cu binary phase diagram) a mixture of two solid 

solutions: (Fe) and (Cu).    

 

Figure 4 X-ray spectrum for region C depicted in Figure 3a 

It is very important for the high electrical conductivity to maintain a low concentration of iron in the copper-

matrix of composites. The plot of the concentration of Fe and Cu across copper-particles border obtained by 

X-ray diffraction is presented in Figure 3. The results of the Fe concentration measurements are listed in  

Table 1. 

Table 1 Iron content in copper matrix at the copper-particle boundaries 

Distance from boundary         
(m)  

Iron concentration in copper matrix (at. %) 

Copper-iron composite Copper-steel composite 

10 2.11 1.78 

20 0.31 0.24 

30 0.12 0.08 

The concentration profiles show that the penetration of Fe atoms across the copper-particle boundaries was 

limited and fell quickly with the distance from the interphase boundary. Interesting is fact, that for carbon steel 

particles the diffusion of iron atoms to copper matrix came to a smaller depth. Perhaps carbon atoms in steel 

slowed down this process.  

3.2. Density, hardness and electrical conductivity measurements 

The results of density, hardness and electrical conductivity measurements are presented in Table 2. For 

comparison there were also performed measurements for sintered copper. 

Table 2 Results of performed measurements for sintered copper and copper-particles composites 

Material Density 
(g/cm3) 

Hardness                   
HB 

Electrical conductivity 
(MS/m) 

Sintered pure copper 8.18±0.01 34±1.5 56±0.6 

Copper-iron composite 8.03±0.02 42±1.3 25±0.5 

Copper-steel composite 7.95±0.02 49±0.6 27±0.4 
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The obtained results of measurements showed that the introduction of iron and steel particles decreased 

density of materials, which oscillated around 8 g/cm3 and was about 92 % of theoretical. Similar results were 

also received by other researchers [3,4]. The examinations showed that, the introduction of iron and especially 

steel particles into the copper matrix increased the hardness of the materials, however, these changes were 

slight (24 and 44 % for iron and steel particles, respectively, in comparison to sintered copper). The particles 

of steel contained 0.79 % carbon in the form of cementite (perlite is shown in Figure 3b) and therefore were 

much harder than iron particles (200 and 54 HB for perlite and iron, respectively). Even distribution of particles 

in the copper matrix (Figure 1) was the main reason for the increasing of hardness. Similar results were also 

reported by other researchers [2, 13-17]. The examination showed that the introduction of iron-based particles 

into copper matrix caused considerable decrease in electrical conductivity. This phenomenon was due to the 

fact that even a small amount of alloy additives in copper causes a reduction of their electrical conductivity [1]. 

Higher electrical conductivity was obtained for copper-steel composites which amounted approximately 27 

MS/m (48 % conductivity of sintered copper). Electrical conductivity of copper-iron composites was even 

smaller (44.6 % of sintered copper). The difference was caused by a deeper diffusion of iron into the copper 

matrix for copper-iron composites, which was shown in Table 1. These results are consistent with those 

reported by Ugarteche Velasques [3]. 

3.3. Wear characterization 

Weight loss of sintered copper and composites during tribological test is shown in Figure 5. 

 

 

 

 

 

 

 

 
Figure 5 Weight loss of investigated materials during tribological tests lasting 1 h   

Tribological tests showed that the presence of steel particles in cooper matrix significantly increased abrasion 

resistance. The wear mass loss of the copper-steel composites was approximately 2 times smaller than for 

the copper-iron composites and about 2.3 times smaller than for sintered copper. The steel particles consisting 

of perlite are hard and they have much higher abrasion resistance in comparison with copper and iron. 

Important is also fact that they are distributed evenly in the copper matrix (Figure 1b). Similar observations 

were also reported by other researchers [2,9,16].      

4. CONCLUSION 

Copper-iron and copper-carbon steel particulate composites can be easily made by means of the powder 

metallurgy route. Results of X-ray microprobe analysis show that the reinforcement particles are connected 

with copper matrix by solid solutions. The concentration of iron in copper, measured across the copper-particle 

boundaries, strongly decreases with increasing distance from the interphase boundary. Carbon atoms in steel 
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slow down diffusion of iron to copper matrix. Measurements show that the highest hardness of 41 HB can be 

achieved for Cu-steel composites because particles contain cementite. The same composites also have higher 

electrical conductivity (27 MS/m that is about 48 % of electrical conductivity of sintered copper) because their 

copper matrix contains lower concentration of iron atoms. Tribological tests show that the wear mass loss of 

the copper-steel composites is approximately 2 times smaller than for the copper-iron composites and about 

2.3 times smaller than for sintered copper.   
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Abstract 

The Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) titanium alloy is categorized as one of α + β titanium alloys group, which 
plays an important role in the aerospace applications. This study aims to find out the optimal thermomechanical 
processing route to obtain a good balance of strength, ductility and fracture toughness. The Ti-6246 alloy was 
hot-deformed at a temperature of 900 °C, with a total deformation degree of approximately 60 %, and heat-
treated by a solution treating at temperatures between 800°C - 1000 °C for 18 minutes. The microstructural 
evolution, mechanical properties and fractography analysis were investigated. Results revealed that the 
volume fraction of the primary α (αp) phase decreases progressively until it is completely dissolved with 
increasing solution temperature; the secondary α (αs) phase increases whereas its width decrease with 
increasing solution temperature, and also the yield stress and ultimate tensile strength decrease with 
increasing solution temperature. A good balance of ultimate tensile strength and ductility was obtained in the 
case of a solution temperature of 900 °C, which showed a tensile strength close to 812 ± 4 MPa and an 
elongation close to 11.1 ± 2.4 %. The fine αs phase facilitates the paths of crack propagation, meaning 
decrease the crack propagation resistance and decrease the ductility and fracture toughness.  

Keywords: Titanium alloy, microstructure, mechanical properties 

1. INTRODUCTION 

Titanium alloys are promised materials for various applications fields, owing to their good chemical and 
mechanical properties [1]. The titanium alloys that have α + β type are usually sensitive to processing 
parameters. Therefore, the microstructures and mechanical properties are affected by hot deformation and 
heat treatment to optimization them, and this matter is receiving great attention from the researchers [2-4]. 
Earlier attempts were made to study the plasticity of α + β alloys which are reviewed in [5]. Moreover, it was 
found that the yield strength of titanium-based alloys that have a duplex structure, which is equiaxed α plus 
transformed β, depends on the local yield of the equiaxed α particles, whereas work hardening depends on 
the slip transfer from the equiaxed α to the stronger transformed β and its subsequent deformation [6]. The 
application of the law of mixtures to predict plastic properties is generally not correct, due to several complex 
factors like the interaction between the equiaxed α and transformed β [7,8]. This experiment provides a good 
insight into the evolution of plasticity in the Ti-6Al-2Sn-4Zr-6Mo titanium alloy by studying the changes in the 
microstructure and mechanical properties of this alloy. 

2. EXPERIMENTAL PROCEDURES 

2.1. Alloy and sampling method 

This experiment utilized Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) titanium alloy provided by S.C. ZIROM S.A., Giurgiu, 

Romania, which was obtained by Vacuum Arc Remelting (VAR). The Ti-6246 titanium alloy has a chemical 
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composition computed by weight as listed in Table 1. The elements that have a very slight quantitative trace 

were neglected. An unprocessed portion of the Ti-6246 titanium alloy was taken; also three billets were cut 

from this alloy and subjected it to the thermomechanical processing as well as to conduct microstructure 

examination and mechanical properties. All cutting operations were performed for samples using a 

BERNARDO MBS 280DGand a precision cutter - Metkon Micracut 200. 

Table 1 Computed chemical composition of the initial state for Ti-6246 titanium alloy 

Element At. No. Line s. Netto Wt% At% Abs. error (%) Rel. error (%) 

Titanium 22 K-Serie 52341150 82.505 83.640 2.47 2.79 

Aluminum 13 K-Serie 4831607 5.835 10.497 0.32 5.17 

Molybdenum 42 L-Serie 3962998 5.743 2.906 0.24 3.94 

Zirconium 40 L-Serie 2532633 3.912 2.081 0.18 4.38 

Tin 50 L-Serie 1230486 1.883 0.770 0.08 4.18 

Iron 26 K-Serie 46297 0.122 0.106 0.03 21.78 

 Sum 100 100  

2.2. Thermomechanical processing route of Ti-6246 titanium alloy 

Thermomechanical processing route of Ti-6246 titanium alloy is presented in Figure 1. The retention time in 

the furnace to all samples before the rolling mill process was 1.5 minutes per 1 mm of the thickness. The 

number of passes (n) was 4 passes and in each pass, the reduction in thickness was 1 mm to all samples. 

The initial dimensions of all samples were of 69 mm length, 13 mm width and 7 mm thickness. This alloy is hot 

rolled in the α + β phase field with no lubrication, followed by a solution treatment at the α + β and β phases 

fields with a cooling rate more than 100 °C/s in oil. This processing route aims to explore the different aspects 

of the microstructure investigation and mechanical properties. The hot deformation by the rolling mill was 

carried out using a “UM. Progresul Braila” rolling mill. The heat treatment was carried out using a 

NABERTHERM furnace (high-temperature chamber - 08/16 with SiC rod heating). The total deformation 

degree during 4 passes for samples processed by the hot rolling-mill has been estimated from Equation (1). 

 

Figure 1 Thermomechanical processing route of Ti-6246 titanium alloy 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1119 

DE �  F°� F�
F°

∗ 100 �%�              (1) 

where: εt - total deformation degree (%); ho- initial sample thickness (mm); hf - final sample thickness (mm). 

2.3. Metallography investigation 

All samples were hot mounted in epoxy resin using a BUEHLER SimpliMet hydraulic mounting press, and then 

they are ground and polished mechanically using a Metkon DIGIPREP Accura. The microstructure of each 

sample was examined using scanning electron microscopy (SEM) - Tescan VEGA II - XMU. The Ti-6246 

titanium alloy phases have been determined using SEM - backscattered electrons (BSE) detector. 

2.4. Mechanical properties and fractography investigation 

All samples were subjected to the tensile test using an electromechanical machine as known as INSTRON 

3382. It has been measured the average values of 0.2 % yield strength (σ0.2%), the ultimate tensile strength 

(σUTS) and the total fracture elongation (εf) to failure. The fractography of each sample was taken from the 

tensile test samples which were cut into a rectilinear sliced have dimensions approximately 80 mm length, 5 

mm width and 3 mm thickness. The fractography investigation was performed using SEM - secondary 

electrons (SE) detector. 

3. RESULTS AND DISCUSSION 

3.1. Metallography investigation 

The microstructures observations that are displayed in Figures 2.a - 2.c from low magnification (100 µm) to 

high magnification (5 µm) show the phases which are composed within the Ti-6246 titanium alloy: primary α 

(αp)-Ti phase, secondary α (αs)-Ti and β-Ti phases which have adapted to each other as an α + β lamellar 

colonies structure. Figures 2.d - 2f show that the recrystallization process takes place in the microstructure 

and formation of various grains size. The structure consists of αp in the form of spots and αs + β lamellar 

colonies. Figures 2.g - 2.i it does not show much development in the microstructure as compared to the case 

that processed at a temperature of 800 °C and the structure has remained almost the same in the formation. 

Moreover, Figures 2j - 2l show an important development in the microstructure at a temperature of 1000 °C, 

which showed fully melting of αp phase and significantly increasing of αs + β lamellar colonies, also the 

formation of a large proportion of α′ and α′′ martensite phases have thick and thin acicular-like shapes, 

respectively. The temperature has mainly affected the evolution of the Ti-6246 titanium alloy phases and also 

on the thickness of α + β lamellar colonies as presented in all micrographs of processed states. 

3.2. Mechanical test and fractography investigation 

The mechanical properties values of the initial state and the processed states are presented in Table 2. 

According to Figure 3, which shows the engineering tensile stress-strain curves and their values in Table 2, it 

is possible to observe a decrease in the ultimate tensile strength and yield strength and an increase in 

elongation for the samples affected by thermomechanical processes until elongation decreases significantly 

at a temperature of 1000 °C due to the rise in temperature to the β phase field and the fully melting of the αp 

phase and the decrease in αs phase width leading to this significant decrease in the elongation. 

The fractographies observations that are displayed in Figures 4.a - 4.c from low magnification (100 µm) to 

high magnification (10 µm) show the initial state which its surface consists of dimples, some micro-voids and 

cleavage facets. The mode of the fracture surface indicates that the initial state of Ti-6246 titanium alloy has 

high ductility as compared to the processed states. Figures 4.d - 4.f shows cleavage facets, dimples and 

micro-voids which reveal a mixed behavior of ductility and brittleness. Moreover, it can observe in  

Figures 4.g - 4.f coalescence a group of the growing micro-voids to form a micro-crack and cleavage facets 
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which give it mixed behavior also of ductility and brittleness. Figures 4.j - 4.l shows clearly a lot of cleavage 

facets along with some micro-cracks and dimples. This state has higher brittleness than the initial and 

processed states. 

 

Figure 2 Microstructures by SEM-BSE of all samples; (a-c) initial state, (d-f) HD + ST1, (g-i) HD + ST2,  

(j-l) HD + ST3 

Table 2 Measured mechanical properties after thermomechanical processing of Ti-6246 titanium alloy 

Mechanical properties Initial state HD + ST1 HD + ST2 HD + ST3 

Ultimate tensile strength, σuts (MPa) 1201± 9 1000 ± 7 812 ± 4 514 ± 3 

Yield strength, σ0.2% (MPa) 495 ±10 366 ± 6 212 ± 5 211 ± 4 

Fracture elongation, εf (%) 21.9 ±1.3 9.6 ± 1.4 11.1 ± 2.4 4.2 ± 1.1 
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Figure 3 Engineering tensile stress-strain curves of all samples; (a) initial state, (b) HD + ST1, (c) HD + ST2, 

(d) HD + ST3 

 

Figure 4 Fractographies by SEM-SE of all samples; (a-c) initial state, (d-f) HD + ST1, (g-i) HD + ST2,  

(j-l) HD + ST3 
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4. CONCLUSIONS 

The conclusions can be summarized as follows: 

 The microstructures have been affected by the temperature of the solution treatment, which mainly 

designates the evolution of Ti-6246 titanium alloy phases. The increase in the solution temperature 

decreasing the αp phase until it is completely melting and the αs phase increasing while decreasing its 

width, led to a decrease in resistance to cracks propagation and consequently a decrease in ductility 

and the fracture toughness. The presence of a large proportion of the α′ and α′′ martensite phases at a 

temperature of 1000 °C gains the material a more brittle behavior, and this explains the significant drop 

in ductility; 

 The ultimate tensile strength and the yield strength are decreases plus the elongation increase with 

increasing solution treatment temperature in the α + β phase field and it was observed a strong drop in 

ductility at the β phase field. A good balance of strength and ductility was achieved after the solution 

treatment at a temperature of 900 °C, in which the ultimate tensile strength is 812 ± 4 and the fracture 

elongation is 11.1 ± 2.4 %; 

 The fractographies investigations showed different fracture surface modes during thermomechanical 
processing used in this study. The good ductile mode is observed in the α + β phase field, particularly 

at a solution treatment temperature of 900 °C. 
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Abstract  

The paper deals with an experience with innovation process of a technical solution of grinding device for 

homogenization of mechanical grinding metallurgy process. Milling equipment-ball mills and planetary ball mills 

are used for conventional mechanical material milling. Their principle is based on very fine milling of the 

material. As with other milling equipment, there is a milling effect by combining three factors: pressure, impact, 

and smearing. A major disadvantage of the previously used milling equipment is the fact that during the milling 

process, due to the pressure and impact of the grinding bodies, agglomerates and aggregates have been 

formed to a chamber wall and thus significantly reduce the efficiency of the milling process. The formation of 

aggregates and agglomerates is an adverse effect in the processing of fine particulate materials, respectively 

nanopowders.  

The main advantage of the invented design can be seen in the simplicity of the device, which results in the 

homogenization of the processed material and also in the multifunctionality of the device, whereby the device 

does not restrict the conditions under which the mechanical process has been used so far, i.e. it allows grinding 

to be done with or without adding a liquid inert phase.  

Keywords: Metallurgy, innovation process, homogenization, grinding device 

1. INTRODUCTION 

Milling equipment-ball mills and planetary ball mills are used for conventional mechanical material milling 

[2,4,8,10]. Their principle is based on very fine milling of the material. As with other milling equipment, there is 

a milling effect by combining three factors: pressure, impact, and smearing. A major disadvantage of the 

previously used milling equipment is the fact that during the milling process, due to the pressure and impact 

of the grinding bodies, agglomerates and aggregates have been formed to a chamber wall and thus 

significantly reduce the efficiency of the milling process. The formation of aggregates and agglomerates [22] 

is an adverse effect in the processing of fine particulate materials, respectively nanopowders [1,6,7,13,27-29]. 

As with other grinding equipment mentioned by authors [9,11,16,21,26,31,32], there is a grinding effect taking 

place by combining factors: pressure, impact, attrition, size distribution, electrical discharge, fluidization etc. 

also described by authors [3,17,18-20,23,24] or factors dependence on material fine powder and 

nanocomposite processing referred by authors [5,6,7].Special chapter in the process of material processing is 

innovation processes and technical solutions of apparatus for processing metals of loose nature tending to air 

oxidation, especially alkaline earth metals [30,33,34]. The aim of this technical solution is to design a device 

facilitating the process of treating rare earth metals in a way that would prevent their air oxidation and thus 

facilitate their handling in the next technological process [14,15,25].  

In principle, materials with a plurality of grinding bodies are inserted into the milling chamber of the ball mill. 

During milling, the milling chamber is rotated, whereby the grinding bodies in the chamber rotate and rotate, 

thereby milling or pulverizing the material. In addition, in the case of planetary ball mills, an extremely large 
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centrifugal force is created which contributes to the different movement of the milling bodies against the milling 

chamber, which significantly reduces the milling time. 

A major disadvantage of the previously used milling equipment is the fact that aggregates and agglomerates 

or sticky layers are formed during the milling process due to the pressure and impact of the milling bodies on 

the wall of the milling chamber, which significantly reduces the efficiency of the milling process. The formation 

of aggregates and agglomerates has an adverse influence on the processing of fine particulate materials or 

nanopowders. These sticky layers cannot be removed during the process, except by completely stopping the 

milling process, disassembling the milling device and mechanically wiping away the sticky layer. The result is 

an inhomogeneously ground or comminuted material with a varied particle size distribution of the material 

being processed. 

This markedly reduces the efficiency of the grinding process. To remove the layers that became stuck the 

process has to be completely interrupted, the grinding device dismantled, and the layers stuck to the wall 

mechanically scraped off. The result is an inhomogeneously ground/pulverized material with varying 

distribution of different particle sizes of the processed material as shown in the work [29].  

In order to avoid the above-mentioned problems, the construction of the ball mill was supplemented with a 

mixing device or cleaning/scraping blade with special metal testing material [5,12], which is fixed in the central 

part of the mill and thus helps to remove sticky layers from the walls of the milling vessel. These directions are 

represented in, for example, the following documents: US4673134 (A) - 1987-06-16, EP0627262 (A1) - 1994-

12-07 or US3027105 (A) - 1962-03-27, which focus on the classical treatment of material by mixing the material 

in a closed space by means of a set of rotary shafts with carriers or by mixing the material in space with a shaft 

provided with mixing carriers. However, this mixer / scraper does not allow for variable adjustment of its arms 

and also does not solve the problem of material sticking on the mixer / scraper itself. 

Further modifications to the milling device presented in WO2008088100 (A1) - 2008-07-24 and US4645133 

(A) - 1987-02-24 were directed towards modification of the surface of internal milling drum and thus the material 

impact efficiency of the milling process. Also, the documents US1726917 (A) - 1929-09-03, US2761628 (A) - 

1956-09-04 focus on an area of targeted development of a comb-like or other drum profile, including the 

rotation mechanism itself. 

2. ESSENCE OF THE INVENTION 

The above disadvantages are largely eliminated by the variable fluidizing blade of the ball mill. The invention 

addresses the process of treating the material directly in the milling apparatus of the ball mill and effectively 

adjusts the material milling process itself by means of adjustable blades located on the inner circumference of 

the ball mill drum.  

2.1. Technical solution 

The basic innovative element of the device is the blade of the outer drum of the ball mill, which forms a variable 

angle with the drum wall by means of a pin. By varying the angle of rotation of the blade, the angle of inflow of 

material into the inner space of the drum is directly controlled when it is rotated, thereby directly controlling a 

more efficient way of material falling into the drum space. The angle of landing can be directly controlled by 

knowing the mechanical-physical and geometric properties of the milling material. The advantage of this 

solution is the direct adjustment of the impact energy of the material and thus the reduction of the economic 

demands of the material milling process. 

The abovementioned adjustable ball mill blade is provided with internal channels allowing input of a fluidizing 

medium, which may be air, liquid or a combination thereof (vapor), resulting in another possibility of process 

treatment of the material during crushing, by, for example, fluidization of the material, inflow of fluid (or 

potentially gas into the ducts) into the blade ducts. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1125 

Another important effect of fluidization is also to minimize the sticking of very fine material on the vessel walls 

or on the blades themselves. 

3. CLARIFICATION OF DRAWINGS 

3.1. A ball mill (horizontal design) and an arrangement of the exterior of the device 

Figure 1 illustrates a ball mill (horizontal design) and an arrangement of the exterior of the device. Figure 2 

shows a section of the interior of the device. 

 
Figure 1 A ball mill (horizontal design) and an arrangement of the exterior of the device 

3.2. A section of the interior of the device 

 

Figure 2 A section of the interior of the device 
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4. EXECUTION EXAMPLE 

Between the shell of the ball mill and the drum 8 there is a fluidizing space 7 which is connected by an inlet 

with a compressor 10 for supplying fluidizing medium. A movable ring 6 for adjusting the blade angle 1 abuts 

the fluidizing space 7. The blade 1 is fixed to the ring 6 by means of a tilt adjustment pin 3 and then passes 

through the drum 8 and subsequently, through the sealing sleeve 5, into the ball mill. From the fluidizing space 

7, the fluidizing channels 4 lead through the blade 1 into the space of the drum 8. The vane 1 is fixed in the 

drum 8 by a securing pin 2. The servomotor 11 located on the surface of the mill shell 9 is connected to the 

ring 6 controlling the movement of the blade 1. 

The blade 1 can be rotated and extended / retracted by the movement of the ring 6. In any rotation, the angle 

of impact of the material changes and thus even the material crushing mechanism. 

4.1. Patent Claims 

 A ball mill with a fluidizing device located in the wall of the mill drum (8), characterized in that a fluidizing 

medium supply compressor (10) and a servo motor (11) for controlling the movable ring (6) are provided 

on the ball mill housing (9) to provide variable movement of at least one blade (1) with fluidizing channels 

(4) extending through the drum wall (8). 

 A ball mill with a fluidizing apparatus placed in the wall of the mill drum (8) according to claim 1, 

characterized by the fact that a fluidizing space (7) is located beneath the shell (9), a movable ring (6) 

for variable movement of the blade (1) which is adjacent to drum (8). 

 A ball mill with a variable fluidization apparatus located in the wall of the mill drum (8) according to claims 
1 and 2, characterized by the fact that the blade (1) passes through a sealing sleeve (5) and further 

through the drum wall (8) in which it is fastened by a locking pin (2) and is partially embedded in the ring 

(6) where it is fixed by a pin (3) to adjust its angle of inclination. 

 A ball mill with a variable fluidization apparatus located in the wall of the mill drum (8) according to claims 

1 and 2, is characterized by the fact that fluidizing passages (4) pass through the blade (1) and pass 

through the skirt (6) and into the fluidizing space (7), which is connected to a compressor (10) for 

injection of the fluidizing medium. 

5. CONCLUSION 

In this paper, the methodology of innovation of a ball mill design with a fluidization device equipment for of 

patent in cooperation with the commercial sector under the auspices of the university. The main objective was 

the equipment innovation from the draft idea through the cooperation with the patent representative and the 

university as far as to finding of a commercial partner for the registered patent.  

The device can be used in the treatment of particulate materials - crushing of individual particles (grinding - 

e.g. mineral) and at the same time can be used for example in the food industry or pharmaceutical industry for 

mixing various materials and forming dry mixtures. The device can be used in horizontal and vertical mills. 

Optionally for aeration of materials such as sludge. 

 

(Source:https://worldwide.espacenet.com/publicationDetails/biblio?DB=EPODOC&II=0&ND=3&adjacent=tru

e&locale=en_EP&FT=D&date=20180808&CC=CZ&NR=2017506A3&KC=A3) 
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Abstract  

Titanium based alloys are increasingly used in biomedicine due to their favourable properties. However, 

because of their high cost, new methods are being developed to produce more economical alloys. Therefore, 

in the framework of this work, Ti-20Nb alloy was produced by powder metallurgy. Namely, experimental alloy 

was prepared by mechanical alloying in a ball mill. The samples were singled out from the powder mixture and 

pressed on a hydraulic press. Sintering was carried out in a tube furnace in an argon atmosphere. Different 

processing parameters regarding the time and temperature of sintering were applied. Chemical homogeneity 

was analysed using the energy-dispersive spectrometry. Porosity was observed using the light microscope 

and microhardness was determined by Vickers method. The obtained results show that with a small correction 

of the applied technological parameters, in terms of time extension of mixing/mechanical alloying, it is possible 

to produce economically Ti-20Nb alloy having the properties suitable for biomedical application by using 

powder metallurgy technology. 

Keywords: Powder metallurgy, titanium alloys, biomedical alloys, porosity, microhardness 

1. INTRODUCTION 

Although it is biocompatible and has other favourable properties, commercially pure titanium does not have 

sufficient strength properties needed for biomedical applications. Besides, the main problem why it is not wider 

used lies in its high price, which results from a complex and therefore expensive manufacturing process of 

elemental titanium [1,2]. Therefore, to solve this problem in terms of properties improvement various elements 

were added to titanium [1,3-7] Niobium is known as stabilizer of β phase of titanium and it can form a 

homogenous solid solution with titanium. Also, it is non-toxic and non-allergic element [8,9]. Further, to reduce 

the costs generally, that is to reduce or eliminate the machining costs and to minimize the waste of alloy, 

powder metallurgy technology can be used [1,2,8].  

The aim of this study is to determine the parameters of particular powder metallurgy processes (sintering time 

and temperature) to achieve the microhardness of sintered alloy suitable for biomedical applications. 

2. MATERIALS AND METHODS 

The alloy of interest in this paper is Ti-20Nb (Table 1) produced by powder metallurgy. For this purpose, four 

samples were prepared from elemental powders (Table 2) using different processing parameters (Table 3). 

Mechanical alloying was performed in a ball mill at room temperature at the rotation rate of 200 rpm for 30 
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minutes. The protective atmosphere of argon was used to prevent the oxidation of powders. In an attempt to 

minimize the costs and ensure the low-cost powder metallurgy procedure, no lubricant was added. 

Table 1 Chemical composition of experimental alloy (at%) 

Element  Ti Nb 

At. % 80 20 

Table 2 Elemental powders characteristics  

Material  
Purity                 

(%) 
Particle size            

(µm) 
Particle shape Density        

(g/cm3) 

Ti powder 99.8 45-75 Spherical 4.51 

Nb powder 99.9 <65 Spherical  8.57 

Table 3 Pressing and sintering parameters 

Sample No. 
Compacting pressure 

(MPa) 
Sintering  temperature 

(C) 
Sintering 
time (h) 

1 80 1100 2 

2 80 1350 2 

3 80 1100 4 

4 80 1350 4 

After milling, four samples of cylindrical shape were prepared by uniaxial pressing of powder mixture in 

stainless steel die at room temperature. The powder densification was accomplished in that way. After that, 

green compacts were sintered in a tube furnace in a protective atmosphere of argon (99.99 % purity).  Sintering 

temperature (Table 3) was chosen to be in the beta titanium region [8], since it is known that the titanium beta 

phase ensures the suitable properties for biomedical applications. The sintering procedure consisted of three 

stages. The first stage included the heating of the samples at rate of 10 C/min up to sintering temperature. In 

the second stage samples were held for an hour at constant temperature. In the third stage samples were 

cooled in the furnace to the room temperature. 

The porosity of sintered samples was observed using the light microscope equipped with digital camera at 

magnification of 100 x. For that purpose, samples were metallographically prepared by standard procedure of 

grinding and polishing. The microhardness of polished samples was determined by Vickers method under the 

load of 19.60 N (HV2) during 10 s and diagonals of imprints were measured at magnification of 500 x.  

3. RESULTS AND DISCUSSION 

The goal of this research is to determine sintering time and temperature of low-cost powder metallurgy process 

for producing the porous Ti-20Nb biomedical implant. In order to verify the homogeneity of mixture of titanium 

and niobium powders after compacting the energy-dispersive spectrometry (EDS) was performed. For that 

purpose, EDS analysis of green compacts was carried out in 10 points. In each point resulting EDS spectrum 
was almost the same and this is shown in Figure 1.   

The sintered polished samples were observed using the light microscope at magnification of 100 x. The 

micrographs shown in Figure 2 were taken by digital camera. These micrographs show dark areas 

representing pores located along the grain boundaries. As it can be seen in Figure 2, the pores are small in 

size and of irregular shape. They are also interconnected in some places. The reason for this can be found in 

a poor densification of material during sintering. 
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Figure 1 EDS spectrum of Ti-20Nb powder mixture 

  

a) Sample No. 1     b) sample No. 2 

  

c) Sample No. 3     d) Sample No. 4 

Figure 2 Morphologies of pores 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1132 

Further, Figure 2 shows that portion and size of pores are smaller in samples No. 2 and No. 4 which are 

sintered at higher temperature (1350 C). Otherwise, the pores become spherical and disappear in the last 

sintering stage. A certain amount of pores that are not spheroidized is present, indicating that the last sintering 

stage was not completed. A reason for this can be found in several factors, such as: chemical composition of 

powders, geometry and density of green compact, an atmosphere in a sintering furnace and sintering 

temperature as well [2]. Generally, a porous sample is characterized by the interconnection of pores, which is 

an important criterion for achieving a porous implant that will allow the smooth transfer of body fluids in the 

body. 

Microhardness of sintered polished samples was measured by Vickers method in five spots and average 

values, listed in Table 4, were calculated. 

Table 4 Microhardness HV2 of sintered samples  

Sample No. 1 2 3 4 

HV2 167±2 200±1 88±4 205±1 

These results show that microhardness values are in the range of 88 - 220 HV2. A low value for sample No. 3 

(88 HV2) is expected regarding its non-compactibility and rupture after sintering. Namely, the part of sample 

No. 3 broke off after sintering. A high value for sample 8 (220 HV2) was also expected because it was sintered 

at a higher temperature for a longer time. This range of microhardness values is similar to that for Ti-Nb-Zr 
alloys in [7], which showed other mechanical properties favourable for biomedical applications.  

Figure 3 graphically shows the dependence of the measured microhardness on sintering temperature. This 

graph clearly shows that the microhardness of the samples sintered at a higher temperature is greater than 

the microhardness of the samples sintered at a lower temperature. An increase in microhardness with sintering 

temperature was also observed in papers [6,10]. 

 

Figure 3 Dependence of microhardness on sintering temperature 

Generally speaking, the microhardness of sintered specimens increases as temperature rises because 

sintering at higher temperatures promotes additional particle bonding and is more complete due to higher 

diffusion rates and mass transfer [10]. However, sintering temperature should not be too high, that is, at the 
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upper limit of the β-Ti region, as this would probably result in too high microhardness values for biomedical 

applications. 

Considering the influence of sintering time on the microhardness, which is shown graphically in Figure 4, if 

sample 3 which breaks off is excluded, it can be said that longer sintering time leads to slightly higher 

microhardness values.  

 

Figure 4 Dependence of microhardness on sintering time 

This behaviour can be related to the fact that longer sintering time provides a more complete interparticle 

bonding, that is, alloying, thus highlighting the influence of the niobium as an alloying element on the titanium 

through the formation of a solid solution of β (Ti, Nb).  

4. CONCLUSIONS 

In this paper four samples of Ti-20Nb alloy were prepared by powder metallurgy with purpose of its 

characterization for potential biomedical application. From the presented results the followed can be 

concluded: 

 porous samples were obtained by the applied processing conditions, 

 higher sintering temperature resulted in smaller fraction and size of pores in sintered samples,  

 microhardness of sintered samples increases with the increased sintering temperature as well as with 

the increased sintering time. 

Finally, the processing parameters of a cost-effective mechanical alloying applied in this research makes it 

possible to produce sintered low-cost Ti-20Nb alloy potentially suitable for biomedical applications, with small 

correction of the applied parameters, in terms of extending the mixing / mechanical alloying time. 
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Abstract  

CuAl10Ni5Fe4 aluminum bronzes have better corrosion resistance and higher wear resistance at high 

temperatures compared to other copper alloys. In this study, the effect of cobalt (Co) and titanium (Ti), which 

were added in the amount of 0.5 % as a grain refiner, on the properties of nickel-containing aluminum bronze 

(CuAl10Ni5Fe4 alloy) was investigated in cast and forged conditions. The alloys were produced by melting 

scrap in a metal induction furnace, pouring molten metal into a mould made of steel and hot forging processes. 

In order to examine the effect of grain refiners on the phase structure of the alloys, microstructural examination 

was also conducted. Microhardness and mechanical properties were measured using the relevant test devices. 

Potentiodynamic corrosion tests were performed in a neutral NaCl solution to determine the corrosion rates of 

the forged alloys. Furthermore, wear behaviour of alloys under a 40 N load was investigated. It has emerged 

from the general results that cobalt and titanium elements are highly effective in grain size reduction, leading 

to an improvement in the mechanical properties, corrosion and wear resistance of the CuAl10Ni5Fe4 alloy.  

Keywords: Aluminum bronze, grain refining element, hot forging, potentiodynamic corrosion test, wear test  

1.  INTRODUCTION  

Nickel containing aluminum bronzes are one of the most widely used materials owing to their high mechanical 

strength, wear resistance and corrosion resistance [1]. Nickel containing aluminum bronzes also contain iron, 

manganese and/or silicon [2]. Possessing high mechanical strength, superior elasticity and good absorption 

capacity, as well as exhibiting good corrosion and wear resistance, place these alloys among the most useful 

engineering materials [3].  

Nickel containing aluminum bronzes have a complex structure. Typical as-cast microstructure is composed of 

soft, copper-rich  (alpha) phase, hard, martensitic  (beta) phase and several hard, intermetallic  (kappa) 

phases (I, ıı, ııı and ıv) [4]. Mechanical properties and abrasive behaviour of nickel containing aluminum 

bronzes greatly depend on their microstructure. Hardness and tensile strength are increased but percent 

elongation tends to be decreased as the volume ratio of soft  phase is reduced and the volume ratios of hard 

 phases are increased [5].  

Results of many researches that were carried out to improve mechanical strength and wear resistance of nickel 

aluminum bronzes have been reported in the literature. Several studies related to the effect of exterior factors 

such as the lubricating medium and the working environment on tribological behaviours of bronzes are 

available. However, only a small number of studies about the effects of basic properties like chemical 

composition and microstructure of the alloy, volume ratio of the soft phase to the hard phase and average 

grain size have been performed. These factors are essential in designing the engineering materials.  
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Throughout investigations have been performed about corrosion behaviour of bronzes having an aluminum 

content less than 9.4 %. When Al- bronzes are subjected to corrosion in a salty water, phases of ,  and 2 

exhibit different degrees of resistance against corrosion in NaCl solution. It has been reported that  phase is 

more stable than  and 2 phases [6], but no study seems to be accomplished about the effect of grain refiner 

addition on corrosion properties of these alloys.  

Especially industries such as defense and aviation use high value-added products from aluminum bronzes in 

various fields. Alloys used in these industries are expected to have much higher abrasion and corrosion 

resistance and minimum casting defects in order to be used for a longer period of time. Therefore, in this study 

the aim was to manufacture, as an option to the currently available aluminum bronzes, products with higher 

characteristics and quality as demanded by such industries. For this purpose, one of the projects designed in 

our R&D Center is to examine the effect of grain reducing elements on the performance and production 

processes of these alloys.  

Effect of cobalt and titanium, which were added as grain refiners in the content of 0.5 wt%, on properties of 

CuAl10Ni5Fe4 alloy in as-cast and forged condition was investigated in this work. The alloys were produced 

through melting of metal scrap in a laboratory-scale induction furnace, pouring the melt into a mould made of 

steel and hot forging. Microstructure of the samples was investigated in order to visualise the phase structures 

of the alloys and measure the grain size. Hardness values and mechanical properties were evaluated by 

utilising the related test devices. A potentiodynamic corrosion test was conducted in a neutral NaCl solution in 

order to measure the corrosion resistance of the forged alloys. Also, wear resistances of the alloys under a 

load of 40 N were measured at room temperature.  

2.  EXPERIMENTAL PROCEDURE  

Chemical composition analyses of the studied alloys are given in Table 1. A standard CuAl10Ni5Fe4 alloy was 

used as the reference material.  

Table 1 Chemical composition of the cast aluminum bronzes 

 

Sample 

Chemical composition (wt%) 

Cu Al Ni Fe Mn Co Ti 

Alloy 1 81.0 9.8 5.1 3.0 0.8 - - 

Alloy 2 80.5 10.3 4.4 3.2 0.8 0.5 - 

Alloy 3 81.5 9.9 4.5 3.1 0.7 - 0.5 

Charges each of which weighted 10 kg were melted in a 15 kg capacity open atmosphere induction furnace 

and poured into a cylindrical mould made of steel. Cylindrical ingots having 68 mm diameter and 120 mm 

length were obtained.  

After surface trimming, the cleaned ingots were held in an annealing furnace at 875 C for 1 hour prior to being 

shaped into bars with a cross-section of 16 mm  16 mm by hot forging.  

Vickers microhardness values of all samples, either as-cast or forged, were measured by using a Future-Tech 

FM800e microhardness tester under a load of 1000 gf. Microstructural investigations of all as-cast and forged 

samples were performed by utilising a Nikon Eclipse MA100 optical microscope after polishing and chemical 

etching of these samples. Micro-scale chemical etching of the samples were provided by immersion into 100 

ml distilled water containing 50 ml HCl, 10 ml HNO3 and 10 g FeCl3.  

Potentiodynamic corrosion test was applied to the forged samples. Ag/AgCl was used as the reference 

electrode while the counter electrode was a pair of graphite rods. Samples having dimensions of 33 mm  18 

mm  10 mm, together with the electrodes, were immersed into the corrosive environment that was generated 
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by adding NaCl in the content of 3.5 % into distilled water and held in this solution at room temperature for 

1800 seconds. Corrosion rates of the samples were calculated in accordance to ASTM G102-89 by the aid of 

weight loss values [7]. In addition to the corrosion experiments, the samples were subjected to wear test at 

room temperature under a load of 40 N in accordance to ASTM G99 [11]. Test parameters were determined 

as 20 mm, 500 m and 120 mm/s for impingement distance, sliding distance and sliding velocity respectively 

while a 6 mm diameter ball made of 1040 steel was used as the abrasive material.  

3. EXPERIMENTAL RESULTS  

3.1.  Microstructural investigations  

Average grain size values of the samples obtained from as-cast ingots are given in Table 2. Measurements 

performed by using the optical microscope revealed that additions of cobalt and titanium decreased the grain 

size of the alloy by 40 - 60 %.  

Table 2 Average grain sizes of the alloys 

Sample Average grain length (µm) Average grain width (µm) 

Sample 1 708 566 

Sample 2 (Co added) 445 292 

Sample 3 (Ti added) 314 178 

         

 

Figure 1 Optical micrographs of the as-cast condition of (a) Alloy 1, (b) Alloy 2 and (c) Alloy 3 

10 μm 10 μm 

10 μm 
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The smallest grain size value of 232 µm was achieved for the 0.5 wt% cobalt containing alloy. The fact that 

titanium is much more effective in grain refinement of CuAl10Ni5Fe4 bronze was understood from the 

measurements.  

One of the element-addition related grain refinement mechanisms is increase of the nucleation rate of an 

individual grain prior to increase in the number of grain nuclei. Smaller grains are formed as number of 

nucleation sites per unit volume increases [8]. The grain refining effect of cobalt and titanium addition is thought 

to be caused by generation of more nucleation sites leading to the formation of smaller grains.  

Figure 1 and Figure 2 present microstructure photographs of the studied alloys in as-cast and forged 

conditions respectively. As-cast microstructure of Alloy 1, the photograph of which is given in Figure 1(a), 
represents the typical microstructure described in many studies about a nickel containing aluminum bronze. 

Copper-rich  (alpha) solid solution phase, martensitic  (beta) phase and some intermetallic  (kappa) phases 

(fine ııı and black spherical ıv) were identified by the aid of the illustration given in Figure 3 [9,10].  

         

 

Figure 2 Optical micrographs of the forged condition of (a) Alloy 1, (b) Alloy 2 and (c) Alloy 3  

Addition of cobalt and titanium to Alloy 1 in the content of 0.5 %, as seen in Figure 1(b) and 1(c), caused 

thinning of dendritic arms and an increase in the amount of some types of  phases; furthermore, a significant 

amount of ıı phase precipitates were observed within the martensitic  phase. On the other hand, as-cast 

microstructures of the alloys except Alloy 1 got considerably finer as a result of forging treatment. Forged 

Alloy 1 (Figure 2(a)) involves the same ,  and  phases as its as-cast condition. The dendritic arms broke 

10 μm 10 μm 

10 μm 
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off and became almost spherical while some new ıv phases precipitated because of the forging treatment. 

Apparent I phases were visualised in the titanium-added alloy, as seen in the optical micrograph given in 

Figure 2(c). ııı phases were homogeneously distributed in the microstructure of both cobalt-added and 

titanium-added alloys. SEM examinations are needed in order to perform grain size analysis correctly in the 

case of forging. In future studies, SEM examinations of alloys will be made and microstructure components 

will be examined in more detail. 

 

Figure 3 An illustration of the phases that are abundant in a nickel containing aluminum bronze 

3.2. Hardness measurements and tensile testing   

Results of Vickers microhardness measurements of as-cast and forged samples of each three alloys are 

presented in Table 3.  

Table 3 Vickers microhardness measurement results of as-cast and forged samples of the alloys (load 1 kg) 

 Average hardness value (HV1) 

Sample as-cast forged 

Sample 1 200 256 

Sample 2 195 274 

Sample 3 189 280 

It was revealed that the as-cast hardness values of the three alloys were close to each other, the alloy without 

any grain refiner being slightly harder than the other two alloys. It is thought that the increase in the amount of 

martensitic  and fine ııı, which are harder phases, was responsible for the increase of the as-cast hardness 

of this alloy.  

While the forging treatment increased hardness of all the three alloys significantly, hardness values of Alloy 2 

and Alloy 3 were measured close to each other, being higher than those of Alloy 1. Abundance of kappa 

phases improves the mechanical properties of nickel containing aluminum bronzes. Kappa phases, which were 

distributed homogeneously and the amount of which were higher in these two alloys than in Alloy 1 because 

of cobalt and titanium additions, led to the higher hardness of the two alloys.  

When the difference of hardness values between the as-cast condition and the forged condition is considered, 

it is observed that the forging treatment increased the hardness of Alloy 3 most and that Alloy 1 was the one 

which was affected from the forging treatment least. This finding can be explained by more homogeneously 

distribution of dendritic arms after breaking as a result of the forging treatment which caused a higher hardness 

increase in the alloys with cobalt and titanium additions compared to the alloy without cobalt or titanium.  
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Tensile testing results of the forged samples are given in Table 4. Cobalt and titanium which were added to 

the alloy in the amount of 0.5 wt% caused a significant increase especially in yield strength, but elongation 

value dropped as a result. Cobalt-added alloy exhibited the ideal values related to hardness measurement and 

tensile testing. Titanium addition decreased the elongation value of the alloy by more than 40 %.  

Table 4 Tensile testing results of the forged samples of the three alloys 

Sample Tensile strength (MPa) Yield strength (MPa) Elongation (%) 

Sample 1 946 699 11.4 

Sample 2 (Co) 1077 799 10.0 

 Sample 3 (Ti) 954 791 6.5 

3.3.  Potentiodynamic corrosion test  

After the completion of the potentiodynamic corrosion test that was conducted in the neutral solution containing 

3.5 % NaCl, corrosion rate values of the three alloys were calculated as given in Table 5. Among the forged 

samples of the three alloys, corrosion rate of Alloy 3 was the lowest while Alloy 2 and Alloy 1 exhibited higher 

values of corrosion rate in sequence.  

The corrosion rates of cobalt-added Alloy 2 and titanium-added Alloy 3 which appeared to be lower than that 

of the alloy without grain refiner may be related to an increase in the amount of ııı phase, which is almost in a 

spherical shape; i.e. it can be claimed that a significant content of ııı phase led to an increase in corrosion 

resistance.  

Table 5 Calculated corrosion rates of the forged samples of the alloys 

Sample Corrosion rate (mm/year) 

Forged Sample 1 2.62 

Forged Sample 2 2.51 

Forged Sample 3 2.35 

3.4.  Abrasive Wear Test  

Measurement results of the wear test are given in Table 6. Addition of cobalt and titanium significantly 

increased the wear resistance of the alloy tested under a load of 40 N. Wear test results are consistent with 

the corrosion rate calculations. Similar values of wear resistance were obtained for the cobalt-added alloy and 

the titanium-added alloy.  

Table 6 Measured wear resistances of the forged samples of the alloys 

Sample Wear area loss (mm2/40 N) 

Forged Sample 1 0.40 

Forged Sample 2 0.23 

Forged Sample 3 0.25 

4.  CONCLUSION  

This study involves an investigation of the effects of cobalt and titanium addition in the content of 0.5 wt% to a 

nickel-containing aluminum bronze (CuAl10Ni5Fe4 alloy). General results derived from the study are 

summarised below:  

1) Additions of cobalt and titanium caused a significant grain refinement in both as-cast and forged      

conditions;  
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2) While additions of cobalt and titanium did not change the hardness in as-cast conditions, they increased 

the hardness, tensile strength and yield strength in the forged conditions. However, grain refiner 

addition, especially titanium addition, decreased the elongation value considerably;  

3) Additions of cobalt and titanium decreased also corrosion rate. The highest corrosion resistance was   

exhibited by the titanium-added alloy; 

4) Wear resistances of the cobalt-added alloy and the titanium-added alloy were almost 50 % higher than 

that of the alloy without any grain refiner.  
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Abstract 

The paper considers and presents such factors and parameters affecting the crushing of intermetalides in 

hammer crushers as - imbalance and balance of the rotor. The structural and technological factors of impact 

crushing equipment are analyzed. These factors affect not only the energy performance of grinding, but can 

also lead to increased wear of parts and components of the hammer crusher. Methods of improvement by 

prompt and timely balancing of the rotor in a hammer mill and on a balancing stand are proposed. Research 

objective: crushing of intermetalides and modeling of the operation of hammer crushers, namely: the 

destruction of crushed materials and operating conditions with and without vibration due to an unbalanced 

rotor and a balanced rotor in order to understand how much this affects the performance of hammer crushers 

and energy loss. It is also necessary for the initial assessment and selection of design and technological 

parameters for: design, operation and repair of impact crushing equipment - in order to optimize the cost of 

electric energy for the design of new hammer crushers and those in operation, as well as to increase the time 

without repairs all crusher parts. With balancing, it was possible to balance the rotor. After conducting research 

at the laboratory facility, the percentage ratio of the negative influence of the construction factor was 

determined, which is from 8 % to 15 % of the energy overrun, namely, the rotor imbalance. 

Keywords: Crusher, intermetallic, rotor, unbalanced, balancing 

1. INTRODUCTION 

The amount of energy consumed in the world for crushing in material crushers is approximately 5 %. Balancing 

the balance of power and, accordingly, the balanced use of the necessary resources will lead to a reduction in 

costs. Hammer crushers belong to impact crushers in which the crushed material is destroyed under the 

influence of the shock load acting on it by an electric drive through hammers, which are movable and rotate 

quickly. The crushed material is destroyed from the impact, and from friction - with the help of the same 

hammers and sieves, which leads to excess costs [1]. 

Known factors that affect the work - it is technological, technical and structural [1,2]. 

Technological - these are the properties of crushed material, such as strength, moisture, grain size, brittleness. 

Technical - frequency of service and its quality. 

Structural - this is what materials are used in the manufacture of working elements crushed and other critical 

elements, what shape these work elements and the dimensions of the workspace. 
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For a better understanding, consider the design of the hammer crusher, which is shown in the Figure 1, where 

it is shown: 1 - body, 2 - armor, 3 - motor shaft, 4 - rotor, 5 - hammer, 6 - sieve, 7 - coupling, 8 - motor, 9 - 

loading hole. 

 
Figure 1 Hammer crusher design 

The working elements involved in the direct grinding process are hammers, a sieve and armor. Their shape, 

weight, size have a direct impact on performance and power consumption. 

The technological factor affecting productivity and power consumption, which develops into a structural one, 

is the occurrence of rotor vibrations caused either by the initial structural disadvantage of the rotor during the 

manufacture of its components or during assembly, or by the wear of hammers. 

Since hammers operate under shock loads and abrasive wear, and the supply of crushed material along the 

length is uneven, due to the heterogeneity in size and strength characteristics, uneven wear of the hammers 

along the length of the rotor occurs. Extreme hammers wear out more intensively and this leads to an 

imbalance of the rotor. Since the hammers are masses rotating around the axis of rotation of the shaft, they 

under the action of centrifugal force cause a displacement of the center of mass of the rotor, which, in turn, 

begins to hit the crusher bearings in the radial direction of rotation with an alternating load. 

In addition to the negative impact of radial impact on the strength characteristics of the mechanical elements 

of the crusher and drive, there is also an increased energy consumption. These data were obtained during 

experiments in a laboratory setup [3]. 

To solve such a negative factor as the displacement of the center of mass relative to the axis of rotation, and 

as a consequence of the shock force and increased energy consumption, it is necessary to use the balancing 

of an unbalanced rotor. Shaft requirements are given in ISO 21940-11: 2016 [4]. 

The influence of the imbalance of the parts that rotate on different mechanisms, the analysis of these actions 

and solutions to this problem are considered in scientific works of different areas of science and allow us to 

take this experience into account [5-8]. 
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2. RESEARCH REVIEW 

There are three types of balancing of unbalanced rotating masses, these are static, dynamic and general [9]. 

Static balancing of a pre-assembled, unbalanced rotor can be carried out both on a special stand and in the 

crusher housing with bearings. Before carrying out static balancing, it is necessary to fix all the hammers to 

their working position, that is, to the position where the centrifugal force deflects them as far as possible from 

the shaft of the crusher rotor. Fastening is carried out using wooden wedges or other similar elements that are 

identical in shape and size, which can be removed after static balancing. When fixing hammers with wooden 

wedges, it is necessary to arrange the wedges symmetrically to the axis of the rotor shaft so as not to introduce 

even greater imbalance in the rotor of the drawer. After the hammers are fixed, the rotor 4 of the crusher 1 

(Figure 1) is conditionally divided into two halves 3, the half is conventionally called: H - the heavy part, L - the 

light part (Figure 2a). By turning the crusher rotor 90 degrees in any direction, at the maximum possible 

distance from the axis of the shaft at point A, a load GW of such a weight is fixed that the rotor shaft of the 

crusher, when turning, returns to its original position by an angle of only 10 - 15 degrees (Figure 2b). 

After selecting the ΔGW load with the weight necessary so that the crusher rotor becomes an unbalanced part 

in the opposite direction, we determine the weight of the compensation weight necessary to eliminate this 

 

Figure 2 Static balancing scheme for the crusher rotor 

Static balancing, despite its ease of implementation, is not suitable for a hammer mill rotor. The reason for this 

is the movably suspended hammers. A lot of time is spent on securing them, and additional fasteners for fixing 

these hammers introduce errors in measurements and calculations, which was shown during the experiment. 

More accurate and convenient - this is dynamic balancing bypass load method. Its advantage is - with the help 

of a trial load. Balancing can be carried out directly in the crusher, having previously installed the crusher on 

elastic supports with measuring equipment. If the supports and equipment are installed on an ongoing basis - 

this allows you to fine-tune the hammer crusher without removing the rotor to transfer it to the balancing 

machine and vice versa. This allows you to reduce the time for maintenance, and accordingly to reduce the 

technical factor that negatively affects the performance of the crusher. 

The essence of dynamic balancing by way of bypassing with a test load and its adaptation to use in hammer 

crushers is: we take for the balancing surfaces the extreme lateral surfaces of the rotor, individually, on which 

the hammers are attached and cause slight rotor vibrations with the help of the test load (Figure 3). 

The weight of the test load, equation (6) is determined by the formula of its centrifugal force of equation (1) 
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    2P = k G G r ω gTL TL 1          (1) 

    
 

2G = k G r ωTL 1          (2) 

where: 

PTL - is the centrifugal force caused by the test load; 

k = 0.02-0.03 is the dynamic coefficient; 

g - is the gravity acceleration (m/s2); 

r1 - is the distance from the rotor axis of rotation to the test load installation location (mm); 

ω - is angular velocity (s-1); 

GTL- test load weight (N). 

After calculating the weight of the test load, it is installed on one side of the extreme lateral surface of the rotor, 

the angular speed working for the crusher rotor is set, and the readings from instruments located in elastic 
supports on the side of the test load are recorded. At the same time, supports located on the side opposite to 

the place of the test load to be installed must be rigidly fixed. These steps must be repeated at all points 

(Figure 3). 

 

Figure 3 Dynamic balancing scheme for the crusher rotor 

According to the data obtained, a graph is constructed according to eight parameters of the amplitude of 

oscillations on one side of the rotor. When analyzing the graph, it can be seen that the rotor is unbalanced and 

the maximum and minimum values are visible on the curves on both sides (Figure 4). 

At a point with a minimum amplitude parameter, a balancing load calculated by the equation (3) 

    G = G A + A A - A1k TL 1max 1min 1max 1min         (3) 

where: A1max, A1min - are the maximum and minimum oscillation amplitudes after installing a test load for 

measurement on one side (mm) (Figure 4) 

GTL - is the weight of the test load (N) 

The next step is to repeat the previous steps with the test load, only on the opposite side of the crusher rotor. 

According to the data obtained, a graph is constructed according to eight parameters of the amplitude of the 

oscillations on the second side of the rotor and analytically identifies the maximum and minimum values of the 

amplitude parameters. A balancing weight calculated by the formula is set to a point with a minimum amplitude 

parameter 
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    G = G A + A A - A2k TL 2max 2min 2max 2min         (4) 

where: A2max, A2min - are the maximum and minimum oscillation amplitudes after installing a test load for 

measurement from the second side (mm) (Figure 4). 

 

Figure 4 Graph of the parameters of the amplitude of oscillations 

In the process of balancing either side, the opposite side loses balance. To compensate for the imbalance in 

the installation of balancing weights, compensation ones are added to them, which are calculated according 

to equation (5). After installing the compensation weights, it is necessary to repeat the steps to check the 

elimination of the unbalanced rotor according to equation (6) 

  ΔG = G f i + f1k 2k          (5) 

        ΔG = G d f d + i i + f2k 2k          (6) 

where: d, i, f - are the overall distances between the bearings and the rotor(mm) 

3. RESULTS 

The experiments on balancing the rotor were carried out on a balancing stand, crushing on a laboratory setup 

[3]. Having received the data of the unbalanced rotor, performed dynamic balancing of the rotor and received 

the data, we will draw them on the graph with the data of the unbalanced rotor (Figure 4). After balancing, the 

curves will be slightly wavy or should be straight (Figure 4). 

Parameters of the laboratory setup: internal diameter of the working space - 256 mm, depth of the working 

space - 60 mm, motor power - 3 kW, engine speed - regulation from 0 min-1 to 3000 min-1; hammers: shape - 

rectangle, quantity - 12 pieces, arrangement - sequential. 

To test the crushing of Ni-Al intermetallic, limestone crushed to a final size of 2-3 mm with a total weight of 200 

kg was used as a preliminary material for intermediate experiments [10]. The total weight of the material was 

divided into two portions of 100 kg each and passed through a laboratory unit with the registration of the power 

parameter on the electric motor. At the same time, the first portion, weighing 100 kg, was crushed in a 

laboratory unit with a balanced rotor, and the second portion, weighing 100 kg, was previously unbalanced. 
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The difference in the indications of the expended power during grinding on a balanced rotor and unbalanced 

amounted to 8% in the lower side of the balanced rotor. 

When crushing Ni-Al intermetallic, the difference in crushing on a balanced rotor and unbalanced was 15 % 

[10-12]. 

4. CONCLUSION 

It is established that one of the negatively influencing factors during the operation of the crusher is structural, 

namely, the imbalance of the rotor, which manifests itself as a result of uneven wear of the hammers or its 

design flaws in the manufacturing process. Because of this, energy consumption increases by about 8%-15%, 

crushing time increases and the rate of destruction of critical parts and components of the hammer mill 

increases. This can be solved by static or dynamic balancing of the crusher rotor. This allows you to reduce 

the time for maintenance, and accordingly to reduce the technical factor that negatively affects the performance 

of the crusher and its condition. 

Performing balancing actions must be carried out several times during the operation of the crusher, since 

during natural wear of the working elements of the hammer crusher, vibration will arise and increase. 

Therefore, it is necessary to prevent its further development in a timely manner. 

REFERENCES 

[1] ANDREEV, S.E., PEROV, V.A., ZVEREVICH, V.V. Crushing, Grinding and Screening of Minerals. Moscow: 

Nedra, 1980. 

[2] FISHMAN, M. Impact crushers. Moscow: State Scientific and Technical Publishing House of Mining Literature, 

1960. 

[3] RUSTAMOVYCH M. A., HRYHOROVYCH K. Y., ARTURIVNA S. I. The stand for research of process of work of a 

hammer crusher [online]. Ukraine. Patent Number: 121444. 11.12.2017 [viewed 2020-06-05]. Available from: 
http://uapatents.com/5-121444-stend-dlya-doslidzhennya-procesu-roboti-molotkovo-drobarki.html. 

[4] ISO 21940-11:2016. Mechanical vibration - Rotor balancing - Part 11: Procedures and tolerances for rotors with 
rigid behavior [online]. 2016 [viewed 2020-06-05]. Available from: https://www.iso.org/standard/54074.html. 

[5] DIOUF, P., HERBERT, W. Understanding rotor balance for electric motors. In: Pulp and Paper Industry Technical 
Conference. Atlanta: 2014, pp. 7-17. 

[6] ROBICHAUD, J., ENG, P. Reference Standards for Vibration Monitoring and Analysis [online]. [viewed 2019-10-
13]. Available from: http://www.academia.edu/download/33758492/ISO.pdf. 

[7] RACIC, Z., HIDALGO, J. Practical balancing of flexible rotors for power generation. In: Proceedings of the ASME 
2007 International Design Engineering Technical: Conferences & Computers and Information in Engineering 

Conference IDETC/CIE 2007. Las Vegas: Nevada, USA, 2007. 

[8] BRÜEL & KJÆR. Static and Dynamic Balancing of Rigid Rotors - A Handbook with author Macdara Maccamhaoil 

[online]. [viewed 2020-06-05]. Available from: https://www.bksv.com/en/Knowledge-
center/blog/BlogArticles/Vibration-Measurement/static-and-dynamic-balancing-of-rigid-rotors. 

[9] SEDUSH, V.Ya. Reliability, Repair and Installation of Metallurgical Machines. Kiev: Polygraphbook, 1976. 

[10] BELOKON, Y., ZHEREBTSOV, A., BELOKON, K., FEDCHENOK, A. The investigation of physical-mechanical 

properties of intermetallic Ni-Al catalyst with nanostructure. In: IEEE International Young Scientists Forum on 
Applied Physics and Engineering (YSF-2017). Lviv: IEEE, pp. 299-302, 2017. 

[11] BELOKON, Y., ZHEREBTSOV, A., BELOKON, K. The investigation of nanostructure formation in intermetallic γ-
TiAl alloys. In: IEEE International Young Scientists Forum on Applied Physics and Engineering (YSF-2017). Lviv: 

IEEE, pp. 311-314, 2017. 

[12] BELOKON, K.V., BELOKON, Y.A., KOZHEMYAKIN, G.B., MATUKHNO, E.V. Environmental assessment of the 

intermetallic catalysts utilization efficiency for deactivation of the pollutants emitted by electrode production 
enterprises. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu. 2016, vol. 3, pp. 87-94. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1148 

REACTION SINTERING OF METAL-CERAMIC AlSI-Al2O3 COMPOSITES MANUFACTURED BY 
BINDER JETTING ADDITIVE MANUFACTURING PROCESS  

Vadim SUFIIAROV, Artem KANTYUKOV, Igor POLOZOV 

Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia, vadim.spbstu@yandex.ru 

https://doi.org/10.37904/metal.2020.3618 

Abstract  

Metal-ceramic composites are attractive materials for various applications due to their high specific strength, 

wear resistance, thermal stability, and good high-temperature mechanical properties. Binder jetting additive 

manufacturing is a promising way of manufacturing metal-ceramic composite parts with complex geometry. In 

this work, Al2O3 - Si powder blend was used to produce metal-ceramic green-parts by binder jetting process. 

The green-parts were then subjected to reaction sintering and subsequent liquid metal infiltration with 

aluminum alloy at 1200 ºC. The microstructure and phase composition of the obtained samples were studied 

using scanning electron microscopy and X-Ray diffraction analysis. Mechanical properties were evaluated 

using microhardness measurements and compressive tests. 

Keywords: Additive manufacturing, metal-ceramic composites, binder jetting, liquid metal infiltration 

1. INTRODUCTION 

Metal-ceramic composites with a ceramic material as a matrix are of great interest for various applications. 

These systems are valued for their low weight, thermal and mechanical properties at high temperatures. These 

composites are used in the manufacture of cutting tools, dies, gas turbine parts, high-pressure heat 

exchangers and ballistic armor, and much more [1-3]. Composites are usually reinforced with other ceramics, 

where, for example, SiO2 is added to the matrix of Al2O3, in these cases, the presence of the reinforcement 

phase deflects cracks during their formation, allowing the material to demonstrate excellent mechanical 

properties. Also, they usually have at least one penetrating material, which is the metal phase, due to the ability 

of the molten metal to infiltrate the porous structure. 

One of the most common systems is the Al2O3 - Al system due to its lightweight and high strength properties. 

These composites can be manufactured using a large number of technologies, which include: a directed metal 

oxidation process (DIMOX) [4] using the Lanoxide method using an oxide displacement reaction, also known 

as a reactive metal penetration process (RMP) [5], injection molding [6], gas pressure infiltration [7], and self-

propagating high-temperature synthesis [8]. Based on these methods, the RMP process is widely used 

because it uses a natural reduction reaction between molten metal (Al) and a ceramic material (SiO2). 

The greatest difficulty in the production of cermet by traditional methods is the manufacture of products of 

complex shape, such parts are usually made by hand, which leads to low repeatability, high cost and 

production time. 

Additive Manufacturing (AM) can be used to fabricate complex-shaped parts from various materials [9,10]. AM 

are a group of technologies involving the manufacturing of a product according to a digital model by the method 

of layer-by-layer addition of material. Due to the fact that the manufacturing of the product takes place in layers, 

it is possible to produce parts with complex geometry with virtually no shape limitation in less time. Among AM 

methods, Binder Jetting process (BJ) is suitable for fabrication of parts using metal alloys, ceramic and 

intermetallic materials [11-13]. In this method, a liquid binder material is applied to the powder layer in places 
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corresponding to the section of the part followed by curing the binder. Then, the green part can be either 

sintered or infiltrated with another material to achieve a dense structure [14]. 

This paper is devoted to the study of the manufacturing of ceramic-metal composites using Binder Jetting 

method from a 60Al2O3-40Si (wt%) powder blend. Two post-processing techniques were evaluated for the 

fabricated green-parts: sintering and liquid metal infiltration. Microstructure, chemical homogeneity, and 

microhardness of the samples were evaluated. 

2. MATERIALS AND METHODS 

Spherical powder of Al2O3 (corundum, purity 99.9 %) and irregular powder of Si (99 %) were used as starting 

powders for the preparation of powder blends of 60 Al2O3-40Si (wt%). In a gravity mixer, 60 % of the original 

corundum powder was mixed by weight with 40% of silicon for 24 hours to obtain a uniform mixture. Particle 

size distribution of the corundum powder is characterized by the following values of the parameters  

d10 = 28.3 μm, d50 = 59.2 μm and d90 = 109.8 μm and SEM-images are shown in the Figure 1 a. Particle size 

distribution of silicon: d10 = 4.9 μm, d50 = 52.3 μm and d90 = 127.7 μm and SEM-images are shown in the  

Figure 1 b. Particle size distribution of the powder was measured by laser diffraction technique with Analysette 

22 NanoTec. 

a)          b)  

Figure 1 SEM-images of initial powders: Al2O3 (a), Si (b) 

a)        b)  

Figure 2 The scheme of a binder jetting process (a), the as-printed sample from mixtures of 60Al2O3-40Si (b) 

The ExOne Innovent BJ 3D-printer and aqueous binder (ExOne) were used to build samples of 10 mm x 10 

mm x 10 mm in size with the following printing parameters: 40% binder saturation, 40 s dry time, 5 mm/s recoat 

speed, 100 µm layer thickness. The scheme of a binder jetting process is shown at Figure 2 a. After completion 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1150 

of the layer-by-layer synthesis, the working bath together with the samples was placed in a Yamato DX412C 

thermal furnace, where it was kept at a temperature of 180-190 °C for 3-5 hours to cure the binder material. 

Figure 2 b shows the image of as-printed samples from mixtures of 60 Al2O3-40 Si after curing the binder. 

Then the parts were removed from the furnace, and the excess powder was brushed off to remove the cured 

part. At this point, the particles were bonded to each other by a cured binder. To obtain a dense part,  

the samples were subjected to a subsequent sintering cycle. Sintering was carried out stepwise, at first  

the samples were heated at a speed of 5 °C/min to 600 °C to remove the binder material, then at a speed  

of 10 °C/min they were heated to 1500 - 1600 °C and held for 1-4 hours. The sintering process was carried 

out in air to oxidize silicon in a high-temperature KJ-1700X furnace. 

Then the sintered blanks were infiltrated by the method of penetration of a reactive metal. Samples were 

immersed in excess molten aluminum and held for approximately 16 hours at 1200 °C.  

The microstructure of the samples was studied using TESCAN Mira 3 LMU scanning electron microscope 

(SEM) 

The phase composition was analyzed with a Bruker D8 Advance X-ray diffraction (XRD) meter using CuKα 

irradiation. The microhardness of the samples was measured using Buehler VH1150 tester with 1 kg loading 

and 10 s dwelling time. Thermogravimetric analysis (TGA) was carried out with TA Instruments TGA Q5000. 

3. RESULTS AND DISCUSSION 

To evaluate the curing characteristics of the binder, TGA analysis was performed by heating the binder sample 

to 600 °C with a heating rate of 1 °C/min. The aqueous binder consists of a mixture: demineralized water 70 %, 
ethanediol 5 - 10 %, 2-butoxyethanol 15 - 20 %. Figure 3 shows the change in binder mass as a function of 

temperature. After heating above 100 °C, the mass decreases sharply and levels off at a temperature of about 

175 - 180 °C, which is associated with the evaporation of the aqueous component. When the binder was 

heated to 180 °C, the mass of the sample decreased by 85%. In the temperature range 180 - 400 °С, the mass 

practically did not change. Above 400 °C, the mass decreased even more, and at 400 °C it was 10% of the 

initial mass and 0.1% at 450 °C. 

In the sintering step, the binder was burned to leave a consolidated sample. Above 600 °C, the aqua-based 

binder was completely removed with a minimum of carbon content. 

After curing, the green samples were sintered at 1600 °C for 4 hours. Preliminary experiments showed that 

lower sintering temperatures and shorter holding times did not provide sufficient strength of the samples. 

 

Figure 3 Mass change of the aqua binder depending on temperature 
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At a sintering temperature of 1500 °C and a holding time of 2 hours, only the initial stages of liquid phase 

sintering are observed (Figure 4). Silicon began to melt and wet the alumina particles, however, the process 

of consolidation of individual powder particles into a dense structure did not occur. 

a)     b)  

Figure 4 SEM-images of 60Al2O3-40Si samples after sintering at 1500 °C for 2h 

Cubic samples were used to measure shrinkage: volumetric shrinkage was 10% when sintering at 1600 °C for 

4 hours, and at temperatures below 1600 °C, no shrinkage of the samples was observed. The density of the 

samples after sintering at 1600 ºC for 4h was 2.04 g/cm3, which corresponds to 61.9% of the theoretical density 

of the composite material. 

The image of the sample structure after sintering at 1600 °C for 4 hours is shown in Figure 5. The initial powder 

form of the particles was not left, the pores have a chaotic distribution, ordering in their shape and location is 

not observed. In this case, X-ray phase analysis (Figure 6) showed that sintering produces mullite, which 

demonstrates the interaction of oxygen with silicon and alumina. 

a)      b)  

Figure 5 SEM-images of 60Al2O3-40Si sample after sintering at 1600 °C for 4h 

Studies of compressive strength showed that the maximum strength value was 31 MPa. Such a low value is 

caused by the high porosity of the samples. Microhardness could not be measured due to the large number of 

pores, the sample crumbled upon exposure to a core of 1 kg and no indent was visible. 
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Figure 6 The XRD pattern of 60Al2O3-40Si sample during sintering at 1600 °C for 4h 

For the infiltration process, samples of 60%Al2O3-40%Si, previously sintered at a temperature of 1600 °C for 

4 hours, were immersed in molten aluminum. The experiment was carried out at 1200 °C for 16 hours. The 

interaction between mullite and aluminum melt proceeds according to the following reaction (1) [15]: 

3 Al6Si2O13 + (8+x) Al → 13 Al2O3 + (x) Al + 6 Si    (1) 

In Figure 7, taken by SEM it can be seen that the inner surface has a dense structure, but there are a small 

number of randomly distributed pores. Some defects were caused by grinding and polishing. When one 

material is harder (ceramic) acts on a more plastic (aluminum alloy) 

 

Figure 7 SEM-image of cross section 60Al2O3-40Si sample after aluminum infiltration 

The density of the samples after infiltration with aluminum was 97% of the theoretical density of the composite 

material. 

Chemical mapping was made (Figure 8), it shows that samples have a chemical heterogeneity. As can be 

seen in Figure 8, there are three phases - silicon, aluminum oxide and aluminum, which is confirmed by X-ray 

diffraction patterns (Figure 9).  

Also, this inhomogeneity determined in the measurement of microhardness, where zones of aluminum oxide 

have values 800 - 1200 HV, and zones of aluminum alloy are in the range of 300 - 400 HV. 

100 μm 
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Figure 8 Chemical maps of the 60Al2O3-40Si sample after metal infiltration with the local chemical 

composition (gray) and element distribution for O (yellow), Si (green) and Al (red) 

 

Figure 9 The XRD pattern of 60Al2O3-40Si sample after metal infiltration 

Combining chemical maps of aluminum, silicon and oxygen to one image (Figure 10), it can be found that 

silicon is surrounded by aluminum. This is due to the fact that in hypereutectic Al-Si alloy, silicon have form of 

polyhedral crystals. 
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Figure 10 Chemical map of elements distribution for O (yellow), Si (green) and Al (red) in 60Al2O3-40Si 

sample after metal infiltration 

4. CONCLUSIONS 

In this paper, Binder Jetting AM process, reaction sintering and reaction melt infiltration were used to fabricate 

metal-ceramic composite consisting of Al2O3 ceramic and Al alloy. Liquid metal infiltration was successfully 

applied to Al2O3-Si green parts to obtain dense samples. As the result of reactive infiltration, reactions occurred 

with the formation of alumina and aluminum alloy. Due to the heterogeneity of the chemical composition, the 

microhardness varied in the range of 800-1200 HV and 300-400 HV, respectively. 
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Abstract 

Shape memory alloys (such as Ni-Ti) are a unique class of active materials, which can recover to their original 

shape after applying stimuli, such as deformation due to stress, heat or magnetic field. These alloys possess 

attractive characteristics such as ability to provide large recoverable strain during mechanical loading 

(pseudoelasticity), shape recovery upon heating (shape memory effect), and potent biocompatibility, which 

make alloys one of the suitable actuators for biomedical applications. In the present paper the results of 

microstructure, martensitic transformation behaviour and superelastic properties of Ni-Ti alloys fabricated 

using a EBAM technique, which applies wire as the additive material were presented. It was revealed that the 

microstructure of the deposit exhibited typical solidification features of columnar grains of austenite, due to 

epitaxial growth mechanism. Moreover, EBSD investigations revealed that the preferential grain orientation in 

[001] is a result of the adopted material layer deposition. TEM studies have shown presence of martensitic 

needles partially twinned within austenitic matrix, and a low dislocation density within austenite confirming 

ability of the EBAM manufactured sample to pseudoelastic deformation at room temperature. 

Keywords: Electron beam additive manufacturing, shape memory alloys, microstructure, martensitic 

transformation 

1. INTRODUCTION 

As regards welding technologies, three groups of methods can be used for the additive manufacturing (AM) of 

metallic elements. The three aforementioned technologies utilise the following sources of heat: welding electric 

arc (WAAM - wire arc additive manufacturing), laser beam (WLAM - wire laser additive manufacturing) and 

finally electron beam (EBAM - electron beam additive manufacturing). The thickness of a single layer and the 

rate of deposition in the wire-based AM are significantly greater in comparison with powder-based prototyping 

methods. The dimensional accuracy of elements made using a wire is lower than that of products made using 

powder-based technologies. In addition, the surface roughness (corrugation) of the final part is higher. In turn, 

methods involving the deposition of a wire provide higher process efficiency. The most commonly used AM 

methods involving the use of a wire and welding electric arc include TIG, MIG/MAG and plasma arc. Laser 

wire AM can be performed using both CO2 lasers and solid-state lasers [1,2]. However, it should be noted, that 

the AM components may be structurally different from those manufactured from the workpieces obtained via 

commonly used processes such as casting, rolling, forging, etc. In connection with this, there is a necessity of 

characterizing them for structural, physico-mechanical and chemical properties. 

A concentrated electron beam is characterized by more than 90% energy efficiency which makes it an 

attractive source of energy for the production of components with AM technologies. Studies carried out so far 

[3] have shown that AM technologies using wire and electron beam can be used, among others in various 
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missions carried out in space. However, Tarasov et al. [4] have shown that the heat input level in electron 

beam wire-feed AM proved is an effective process parameter for controlling the amount of δ-ferrite in stainless 

steels, forming a crystallographic texture and thus controlling corrosion resistance. Wanjara et al. [5] have 

shown that the use of EBAM process with wire of Ti-6Al-4V alloy allows to achieve bulk microhardness in the 

deposit of 319 HV and 304 HV in the as-deposited and stress relieved conditions, respectively, which was 

statistically comparable to the parent material hardness of 322 HV and 314 HV in the as-received and stress 

relieved conditions, respectively. Moreover, the static tensile properties (914 MPa) of the Ti6Al4V EBAM met 

adequately the minimum requirements of the standards of cast Ti6Al4V. Manjunath et. al. [6] describes the 

benefits of using the Taguchi method to analysis the effect of weld parameters on additively deposited layer 

width during the EBAM process of Ti6Al4V alloy. Confirmation tests are carried out after obtaining optimized 

parameters and results are correlated with obtained results. The EBAM supplies a very efficient, high power 

energy source, which easily couples with metals promising one of the highest deposition rates for all metal AM 

technologies. Simultaneously, the processing in high vacuum is ideal for reactive alloys such as titanium alloys. 

Thus, EBAM achieves increasingly more acceptance for purpose of industrial applications [7]. 

On the other hand, the increasing demand for lighter, stronger and functional materials spawned active 

materials. Shape memory alloys such as nitinol (Nickel Titanium Naval Ordinance Laboratory) has found 

numerous applications in the medical field including neurology, orthopaedics, interventional radiology and 

cardiology [8]. Nitinol was discovered [9] in 1959 by Buehler W.J. of the Naval Ordinance Laboratory while 

trying to develop an impact-, fatigue- and heat-resistant alloy to use as the nose cone of a navy missile. Fatigue 

and kink resistance, good damping properties and superelasticity have ensured an increased application of 

nitiniol alloy in surgical applications. Another major factor involves its biocompatibility with research showing it 

to have similar or better biocompatibility than stainless steel or Ti6Al4V [10]. However, the Young modulus of 

Ni-Ti alloys (about 50 GPa) is slightly higher than that of a human bone (10-20 GPa), which can result in stress 

concentration at the connection of the implant with the bone [11]. 

Simultaneously, it should be noted that due to the extreme small melt pool during AM process, followed by 

extreme fast cooling but in a next layer followed by partial remelting and reheating, uncommon microstructures 

are obtained. Those microstructures control the mechanical properties such as strength, ductility, toughness 

and high residual stresses and, in case of shape memory alloys, also the quality of the functional properties. 

Moreover, important points of attention for acceptance of a printed product are the density (porosity) and the 

presence of cracks. A final point of attention is the environment in the production room. In case of laser AM, 

an argon flow is applied to avoid oxidation. However, complete oxygen-free flow is almost impossible. In this 

respect, electron beam AM has the advantage that a vacuum environment is applied during processing [12]. 

Guimarães et. al. [13] that EBAM process is a feasible technology for the 3 printing of NiTi part. They revealed 

that the as-fabricated material is superelastic at room temperature due to 1) the predominance of the B2 

austenitic phase and 2) austenitic final temperature (Af) of 20 °C. In addition, the phase transformations 

observed indicates that EBAM keeps the functional properties of NiTi wire base material.  

The paper presents the EBAM process of Ni-Ti alloy in relation to microstructure and mechanical properties. 

The 58 wt% Ni, 0.22 wt% C and Ti - balance alloys showing room temperature pseudoelasticity will be used 

in the investigation. The importance of this research is to create a scientific basis for adapting the EBAM to 

produce AM part with shape memory alloy. 

2. EXPERIMENTAL PROCEDURE 

The wire 1 mm in diameter (50.97 at% Ni, max. 0.22 at% C, Ti balance), delivered by SMATEC company, 

Belgium, was used for EBAM process. The wire was delivered after heat treatment to modify transformation 

temperatures. The composition of the sheet substrate delivered also by SMATEC Company, was 50.74 at% 

Ni, max 0.12 at% C, 0.11 at% O, Ti balance. The different chemical composition of wire and substrate is 

negligible.  
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The AM process was conducted using a 30 kW CVE EBAM and welding machine at the Łukasiewicz - Institute 

of Welding (Figure 1a) that comprises an electron beam gun with an accelerating voltage of 150 kV, a wire 

feeding system and positioning mechanisms that are all housed within a chamber, roughly 1.5 m × 1.5 m × 2.2 

m. The system was operated in a vacuum environment with a pressure lower than 2×10-3 Pa, wire feedstock, 

fed from a spool through the wire-feed system, was directed axially into the focal point of the electron beam 

located on the deposited surface. Both the electron beam gun and wire feeding system were mounted onto an 

overhead positioning gantry, the substrate was clamped onto a CNC work-table. Operating the EBAM system 

with real-time computer control, the process parameters, including the voltage, current, wire-feed rate and 

translation in the X and Z directions were programmed to deposit the NiTi wire as a single bead onto the NiTi 

substrate so as to build layer by layer a straight wall to target dimensions of 5 × 10 × 45 mm (Figure 1b).Based 

on preliminary studies the set of following parameters was applied during the fabrication process: accelerating 

voltage 60 kV, beam current 15 mA, feeding angle 30°, wire feed speed 1000 mm/min and travelling speed 

2000 mm/min. 

The microstructural observations of fabricated samples were conducted using a scanning electron microscope 

(SEM) FEI Versa 3D and a Leica DMIRM optical microscope, on previously etched samples using a Kroll’s 

reagent. EBSD analysis was performed with EDAX Hikari CCD-based detector and a TSL OIM Data collection 

software version 7.0. The detailed microstructural studies were performed using a transmission electron 

microscope (TEM) Tecnai FEG G2 F20 Super Twin, equipped with an integrated EDAX Apollo XP energy 

dispersive X-ray spectrometer (EDS). The thin foils for TEM observations were prepared by electropolishing 

100 μm thick discs in an electrolyte containing 10 mol% HClO4 in methanol (voltage 20 V, temperature -20 

°C). The compression tests were performed at a Shimadzu Autograph AG-X plus testing machine at strain rate 

10-3 s-1. The samples for mechanical tests, in the form of cylinders with the diameter of 4 mm and the height 

of 6 mm, were prepared using an electrical discharge machine. The Differential Scanning Calorimetry (DSC, 

Q1000 TA Instruments) method was used in order to determine the temperatures of phase transformations. 

The applied heating/cooling rate was 20 °C/min. 

 
a) 

 
b) 

Figure 1 a) general view of chamber of XW150:30/756 EBAM machine, b) EBAM part of NiTi alloy 

3. RESULTS AND DISCUSSION 

Figure 2 shows light micrographs of the microstructure of NiTi elements manufactured using EBAM method. 

The EBAM allows to manufacture the final part from NiTi shape memory alloy without any defect such as 

cracks or porosity. The stability of the EBAM process was assured. The microstructures of the interface 

between the deposited material and the substrate were analysed. The elongated grains, perpendicular to the 

surface of substrate were observed. Their morphology indicates that, an epitaxial grain growth in the building 

direction takes place during the deposition [12]. It is typical of the AM process that the penetration depth of an 
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electron beam is larger than the thickness of the deposited layer, therefore part of the beam energy is used to 

re-melt the surface layer of the element. Due to a high thermal gradient in the created melt pool, conditions for 

the epitaxial growth of the columnar layer appear at the bottom of the pool. The EBSD analysis was conducted 

in order to determine the crystallographic texture, grain size of the deposited elements and the orientation 

dependence between the grains in the substrate and the deposited layers. 

 
a) 

 
b) 

Figure 2 Light microscope micrograph of cross section of EBAM deposited sample in the plane parallel to 

the growth direction, a) general view, b) higher magnification 

Figure 3a shows SEM micrograph of EBAM deposited sample. At the grain boundary misorientation map a 

red lines misorientation respond to 2-5°, green line 5-15°, and blue >15°, respectively. A Figure 3b shows 

grains with colours marked according to the inverse pole figure (IPF) coded map. The IPF maps of NiTi 

fabricated using the EBAM method, taken of the area just above the interface between the substrate and 

deposited layers. It should be noted that, the width of the columnar grain is controlled by the size of the 

equiaxed grains in the substrate near 100 m. The results confirmed that during the deposition process, the 

epitaxial crystallization of columnar grains, proceeds in the heat flux direction. Figure 4a shows the texture 

measured on a plane parallel to the direction of growth of the lateral plane is similar to the direction [001] of 

the beta phase. Visible increase of beta phase orientation in a direction close to [100]. A small deviation from 

ideal orientation is related to movement during EB deposition process. Figure 4b shows a TEM micrograph of 

the sample deposited on the NiTi substrate using EBAM method with the interface between the B2 austenite 

and B19’ martensite. TEM microstructure from deposited rectangular shape NiTi by EBAM method and SADP 

(Selected Area Electron Diffraction Pattern) from the central martensitic needle of [001] zone axis orientation 

showing small number of twins, and a low dislocation density within the austenite. The dislocation density in 

the case of the material fabricated using EBAM method was much lower in comparison with the samples 

obtained by LENS technique [14], most probably due to higher energy used and thicker samples causing lower 

cooling rate, therefore the contribution of that factor to the martensitic transformation temperatures was lower. 

The analysis of DSC curves of the EBAM deposited material in the as-deposited and aged states revealed that 

for the sample in the as-deposited state, a broad diffuse peak is observed, with maximum at -19.2 °C, which 

is a result of non-homogeneity of the deposited sample with respect to the chemical composition, as well as 

the grain size. Aging at 500°C for 2h caused the shift of the temperatures of martensitic and reverse 

transformations towards higher temperatures - Mp from -19.2 °C to -15.4 °C and Ap from 12.2 °C to 31.7 °C, 

but those changes were not as high as in the LENS deposited material [14]. However, similarly as reported in 

[13] a small pseudoelastic effect near 3% was observed at room temperature. 
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a) 

 
b) 

 

Figure 3 SEM micrograph of EBAM deposited sample, a) grain boundary misorientation map; red lines 

misorientation 2-5°, green 5-15°, blue >15° b) grains with colours marked according to inverse pole figure 

coded map 

 

a) 

 

b) 

Figure 4 a) Inverse pole figure map of NiTi fabricated using EBAM technique, texture measured on a plane 

parallel to the build direction, b) TEM microstructure and electron diffraction pattern of EBAM deposited 

sample 

4. CONCLUSION 

Based on the results of the present research on developing a EBAM with wire feeding of a NiTi shape memory 

alloy, the following conclusions can be drawn:  

 the process of additive manufacturing using an electron beam with filler material in the form of solid wire 
enables the fabrication of test components with strictly defined technological parameters without any 

defects, 

 the microstructure of the deposit exhibited typical solidification features of columnar grains of austenite, 

due to epitaxial growth mechanism, resulting from heat transfer direction. EBSD investigations revealed 

that the preferential grain orientation in [001] is a result of the adopted material layer deposition, 

 TEM studies from deposited rectangular shape NiTi alloy by EBAM method have shown presence of 
martensitic needles partially twinned within austenitic matrix, and a low dislocation density within 

austenite confirming ability of the EBAM manufactured sample to pseudoelastic deformation at room 

temperature. 
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Abstract  

The use of rare earth metals as dopant components in oxide glasses is a new research field of inorganic optical 

functional materials due to the simple preparation process, stable chemical properties and high thermal 

stability. This study supplements and summarized results we have obtained in recent years. The focus is on 

samarium doped zinc oxide-rich borophosphate glasses. The obtained glasses were investigated by powder 

X-ray diffraction, differential scanning calorimetry, infrared spectroscopy and photoluminescence analysis. The 

synthesized Sm-doped borophosphates are predominantly homogeneous and non-hygroscopic. They are 

mainly amorphous with the presence of one or more crystalline phases in some of them - Zn3(BO3)(PO4), 

Zn5B4O11, SmPO4 and ZnO. They have the typical structure of borophosphate glasses - the presence of PO4 

tetrahedra and BO4 tetrahedra. The Sm-doped ZnO-rich borophosphate glasses have a potential for practical 

application in optical devices for engineering, electronics and medicine. 

Keywords: Samarium, doped zinc borophosphate glasses, x-ray powder diffraction, differential scanning 

calorimetry, photoluminescence 

1. INTRODUCTION 

In recent years, rare earth (RE) metals are used more widely as a dopant components of inorganic luminescent 

materials (ceramics, phosphors and crystals) due to the development of lighting and illumination technologies, 

widely applied in many fields - filed emission displays, lasers, optical temperature sensor, solid state lighting, 

white light emitting diodes, plasma display panels. This interest is driven by RE ions abundant emission colours 

on the basis of 4f - 4f or 5d - 4f transitions. RE ions are shielded by outer 5s and 5p electrons, and their 

emission spectra are characterized by narrow lines with high colour purity [1]. The characteristic electronic 

structure of the rare earth elements gives them unique electronic, optical, luminescent and magnetic 

properties. Rare earth elements have a wide range of applications due to these properties (synthetic, catalytic, 

electronic, medical and military) and can be found in computers, cell phones, televisions, automotive catalytic 

converters, petroleum refining plants, lasers, fuel cells, light-emitting diodes, magnetic-resonance imaging, 

hybrid electric vehicles, photovoltaics and wind turbines. Their role will increase in the future, expected to be 

of critical importance in achieving a carbon-free, sustainable, global energy supply [2]. 

Sm3+ ion, as a representative of RE ions, can be successfully used as a doping component in various glass or 

crystal matrices for intense emissions in the visible region, being an activator with good colour purity and high 

radiation stability. The Sm3+ ion has a strong absorption peak around 402 nm and orange-red or red emission, 

respectively, due to its 4G5/2 → 6HJ (J = 5/2, 7/2, 9/2 and 11/2) transitions obtained from the characteristic 

internal configuration transitions 4f - 4f. The reddish orange region of emission from Sm doped materials 

possesses strong luminescence intensity, a large stimulated emission cross section and high quantum 

efficiency, suitable for laser applications. The study of new samarium doped materials is of great importance 

to the fundamental research and potential industrial application [1,3]. 
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The rare earth elements included as dopant to the glass matrix improve the melting and some unique 

properties of the glass [4]. B2O3 and P2O5 are commonly used as glass network modifiers. B2O3 improves the 

quality of glass with amelioration in transparency, refractive index and solubility of rare earth ions. The 

phosphate glasses possess low transition temperature, low melting point (compared to silicate glass) and a 

high coefficient of thermal expansion and biocompatibility. ZnO is known as one of the best glass modifiers. 

Its presence leads to improved optical and spectral properties, such as their wide direct band gap, large 

excitation binding energy, and high optical gain at room temperature [3,5,6]. 

The present investigations are directed to the synthesis and characterization of Sm doped ZnO-rich 

borophosphate glasses. Three series of samples have been synthesized: one by varying the ratio of P2O5 and 

B2O3 at a constant content of ZnO and Sm2O3 - 71.8 ZnO-(27.7-x) B2O3-x P2O5 :0.5 Sm2O3, where x = 9.7, 

13.85, 18 mol %; second with varying of ZnO content at the expense of P2O5 at a constant content of other 

components B2O3 and Sm2O3 - (67.5+y) ZnO-18 B2O3- (14-y) P2O5:0.5 Sm2O3, where y = 0, 2, 4.3, 6 mol % 

and third with varying the content of the dopant component Sm2O3 - (72.3-z) ZnO-18 B2O3-9.7 P2O5:z Sm2O3, 

where z = 0.25, 0.5, 0.75, 1 mol %. 

The synthesized compositions were investigated using a combination of techniques such as powder X-ray 

diffraction, differential scanning calorimetry (DSC), Raman spectra analysis, infrared spectroscopy and 

photoluminescence spectroscopy. 

2. EXPERIMENTAL 

2.1. Sample preparation 

All samples were prepared by conventional melt quenching method using ZnO, P2O5, В2О3 and Sm2O3 as 

starting materials. ZnO-B2O3-P2O5 ternary system is the most thoroughly investigated from Ji et al [7]. Ten 

ternary phase regions were determined and no solid-solution composition ranges were found. The small region 

ZnO-Zn3(BO3)2-Zn3(PO4)2 contains the relatively low-melting compounds Zn3(BO3)2, Zn3(PO4)2, and Zn3BPO7 

[7]. Glasses synthesized and studied by us have a composition close to this area. 

The reagents were thoroughly mixed, grinded, placed 

in alumina crucibles and heated at 950 °C for 3 hours 

in a muffle furnace. The obtained homogeneous melts 

were then poured onto a graphite plate. Then the 

samples were annealed at 250 °C for 2 hours. 

Synthesized compositions are amorphous (Figure 1), 

mainly homogeneous, non-hygroscopic and 

predominantly transparent glasses. They are easily 

reproducible. 

 

 

 

2.2. Analytical procedures 

Powder X-ray diffraction analysis 

Powder X-ray diffraction data were collected on Bruker D8 Advance powder diffractometer with Cu - Kα 

radiation source ( = 1.5406 nm) and Lynx Eye PSD detector, in steps of 0.02o over the range of 10o - 80o 2θ, 

with a time per step of 2.8 sec (32 kW, 15 mA). The phases in the XRD patterns were identified using the 

Diffract Plus EVA v.12 program and ICDD PDF-2 database [8]. 

Figure 1 SEM image of the microstructure for 

sample 72.05 ZnO-18 B2O3-9.7 P2O5:0.25 

Sm2O3 
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Differential Scanning Calorimetric analysis 

DSC measurements were performed using TA Instruments DSC Q100 and DSC 2910 with attached Fast Air 

Cooling System (FACS) and Refrigerating Cooling System (RCS).  The samples (20 - 22 mg) were placed in 

aluminium hermetic pans. A heating rate of 10 K/min was used to scan all samples. 

Infrared spectroscopy analysis 

The Infrared spectroscopy studies were conducted using the Perkin Elmer 1750 Infrared Fourier Transform 

Spectrometer. 

Raman spectroscopy analysis 

The Raman studies were conducted using the 1064 nm Nd:YAG laser line at a power of 700 mW and a RAM 

II spectrometer (Bruker Optics) having a resolution of 2 cm−1. 

Photoluminescence measurements 

The photoluminescence spectra were measured by optical CCD Aventes spectrometer Ave spec - 2048. The 

set-up consists of a light source, a sample and a detection system. The light source is a combination of a 

Deuterium and a Halogen lamp, providing a spectrum with the 250 - 1100 nm range for transmission and 

absorption measurements and semiconductor light emitting diode (LED), emitting at 395 nm to pump directly 

the sample under study for photoluminescence measurements. 

3. RESULTS AND DISCUSSION 

List of the three synthesized series of Sm doped ZnO-rich borophosphate glasses with theirs thermal 

properties (glass transition temperature) is presented in Table 1. 

Table 1Composition and glass transition temperature of samarium doped zinc borophosphate samples 

First series Second series Third series 

№ Composition, mol% Tg (°C) № Composition, mol% Tg (°C) № Composition, mol% Tg (°C) 

1 
71.8 ZnO-18 B2O3-9.7 

P2O5:0.5 Sm2O3 
532.60 

4 
67.5 ZnO-18 B2O3- 
14 P2O5:0.5 Sm2O3 

544.72 7 72.05 ZnO-18B2O3-
9.7 P2O5:0.2 5Sm2O3 

526.28 

2 
71.8 ZnO-13.85 B2O3-
13.85 P2O5:0.5 Sm2O3 

551.94 
5 

69.5 ZnO-18 B2O3- 
12 P2O5:0.5 Sm2O3 

551.10 1 71.8 ZnO-18 B2O3-
9.7 P2O5:0.5 Sm2O3 

532.60 

3 
71.8 ZnO-9.7 B2O3 - 18 

P2O5:0.5 Sm2O3 
533.30 

1 
71.8 ZnO-18 B2O3- 
9.7 P2O5:0.5 Sm2O3 

532.60 8 71.55 ZnO-18 B2O3-
9.7 P2O5:0.75 Sm2O3 

525.36 

  
 

6 
73.5 ZnO-18 B2O3 - 8 

P2O5:0.5 Sm2O3 
533.99 9 71.3 ZnO-18 B2O3-

9.7 P2O5:1 Sm2O3 
539.17 

The results obtained from Powder X-ray diffraction analysis show that the samples are predominantly 

amorphous, with the presence of crystalline phases in some of them (Figure 2).The main crystalline phases 

identified in these samples are indexed as Zn3(BO3)(PO4) (sample 2 - powder diffraction file PDF 86-2017 Zinc 

Borate Phosphate), α-Zn5B4O11 (sample 2 - PDF 19-1455 Zinc Borate), ZnO (sample 6 - PDF 01-070-8070 

Zinc Oxide) and SmPO4 (sample 9 - PDF 01-083-0655 Monazite-(Sm), syn)[8]. The appearance of borate and 

phosphate in the crystallization products shows the important role of PO4 and BO4 structural units in the 

structural network of borophosphate glasses. It is possible to suggest based on other authors’ studies that 

these borophosphate glasses contain B-O-P linkages within their structural network [3,5]. 

DSC analysis of the as-synthesized glass samples in accordance with XRD results are showing that partially 

crystallized samples keep showing an amorphous phase (i.e. it is possible to evaluate glass transition Tg but 
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with reduced relaxation). The high glass transition temperature is an indication of the stability of the glass 

(Table 1). 

The first series of synthesized glass samples was investigated by Raman spectroscopy and the other two 

series - via infrared spectroscopy. Raman spectra contain a vibrational band at 968 cm-1 ascribed to the 

vibrations of isolated PO4 units in the structural network of borophosphate glasses at the B2O3 - rich side. The 

Infrared spectra contain an absorption band at about 1250 cm-1 due to the asymmetrical stretching vibration of 

P = O and peak around 995 cm-1 - vibration of the structural unit BO4. The absorption band at about 730 cm-1 

was determined by the symmetrical vibration P-O-P, those about 560 cm-1 - by stretching vibration P-O- and 

peaks about 500 cm-1 - from the structural unit PO4. The results are in agreement with the existing literature 

data on the structure of borophosphate glasses [4,9,10]. 

 
Figure 2 Powder X-ray diffraction patterns for samples 2, 4, 5 and 6 
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The most efficient LED for pumping the glasses is the one at 395 nm according to our previous research [11]. 

All samarium doped samples were optically active with a photoluminescence signal out of Sm3+ ions. Energy 

level diagram of Sm3+ doped zinc borophosphate glass is presented in Figure 3, representative emission 

spectra for synthesized samples are illustrated in Figure 4. The observed spectra depict three pronounced 

peaks at wavelengths of 560 nm, 600 nm and 645 nm, respectively. There is a fourth peak at 704 nm, which 

is much less intense than others. These four peaks are characteristic of Sm3+ ions and correspond to 

transitions: 560 nm - 4G5/26H5/2, 600 nm - 4G5/26H7/2, 645 nm - 4G5/26H9/2 and 704 nm - 4G5/26H11/2. The 

band at 600 nm, which corresponds to orange emission, is the most intense [11]. 

 

Figure 3 Energy level diagram of Sm3+  Figure 4 Emission spectra recorded at 395 nm excitation 

doped zinc borophosphate glass [6] 

Therefore, samarium ions effectively activated the zinc borophosphate matrix. This evidences the opportunity 

to use the as-synthesized samarium doped zinc borophosphate glasses for application in optical devices. 

The samarium doping of materials play an important role in the structural, thermal and optical properties of 

glasses, as evidenced from the presented results. 

4. CONCLUSIONS 

Zinc oxide rich borophosphate glasses doped with samarium have been synthesized and investigated by 

powder X-ray diffraction, Raman spectroscopy analysis, IR spectral analysis, differential scanning calorimetry 

and photoluminescence spectroscopy. 

The obtained materials were homogeneous, non-hygroscopic and transparent glasses. The high glass 

transition temperature was an indication of the stability of the glasses obtained. They were amorphous, with 

the presence of crystalline phases in some of them. The synthesized compositions had the typical structure of 

borophosphate glasses - the presence of PO4 tetrahedra and BO4 tetrahedra. The main crystalline phases 

observed were Zinc Borate Phosphate Zn3(BO3)(PO4), Zinc Borate α-Zn5B4O11, Zinc Oxide ZnO and Samarium 

Phosphate SmPO4.  

The content of samarium and doping of materials play an important role in the structural and optical properties 

of compositions. Samarium doped samples exhibit strong fluorescence for different doping ions. 

The synthesized Sm doped ZnO-rich borophosphate glasses have a potential for practical application in optical 

devices. 
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Abstract  

Procedure for the treatment of waste lithium batteries in order to get selected metals is still being developed. 

One of the possibilities is the use of a metal-based collector, which can increase the efficiency of the process 

of metals transition into the melt. The input material for the experiments was a non-magnetic fraction of crushed 

laptop batteries and crushed lead matte, which comes from secondary lead production. The electrode mass 

and the lead matte were subjected to analysis of chemical composition by the ED-XRF method. For both 

components the content of selected elements was determined. The input materials were remelted under 

different conditions and in different ratios of both components in order to find the most optimal conditions for 

the process. The content of metals of interest in obtained products was determined, which were mainly cobalt 

and nickel.  

Keywords: Lithium batteries, metals recovery, lead matte, collector, cobalt 

1. INTRODUCTION 

Lithium batteries are a modern type of commonly used batteries. During their use, their material composition 

has been developed and it is still under development. The first types of batteries contained a large proportion 

of metals, mainly cobalt. In terms of content, the representations of individual materials are the most common 

differences between the various types of batteries in the composition of the cathode. It is the composition of 

the cathode that is important not only for the functional parameters of the battery but subsequently for the 

process of waste batteries processing and for the possibility of using the materials contained in them. The 

cathode is made of aluminium foil and cathode mass. The cathode mass determines the properties of the 

battery in terms of capacity, the number of charging cycles and the related advantages and disadvantages of 

the application for a given area of use. Cathodes are most often made of metal oxides. One of the most 

common batteries is an LCO type battery with a cathode made of LiCoO2. The cobalt in this battery significantly 

affects the properties of the battery. This type of batteries is used mainly for mobile phones, laptop batteries. 

Furthermore, batteries with and without cobalt and with various metals (elements) in a defined ratio are used. 

These are, for example, batteries containing LiMn2O4 designated as LMO, LiNi1-y-zMnyCozO2 (NMC), but also 

batteries with cathode mass based on LiFePO4 (LFP). The anode is usually made of layered graphite, which 

is applied onto the Cu foil. Electrode materials are doped with a small amount of other metals in order to 

improve the properties of batteries and their safety. The separator is then an insulator made of microporous 

plastic. The batteries then naturally contain also packaging and other components, including electronic and 

safety elements. The processing of waste lithium-ion batteries and obtaining the largest possible proportion of 

secondary raw materials is very complicated. The metals in the electrode mass are bound in the form of 

compounds and their occurrence and proportion in waste batteries are very variable. All this complicates the 

situation in the area of introducing simple, technologically and economically feasible recycling processes  

[1-8]. 
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2. DESCRIPTION OF THE EXPERIMENT 

The basis of this experiment consisted of melting a mixture of crushed lead matte and electrode mass 

separated from crushed lithium-ion batteries. The contents of elements of interest were determined in the input 

and subsequently also in the output products. In previous experiments, copper in various forms was used as 

a collector for the transition of metals of interest to the melt [9] and the question is whether it is possible to use 

a lead matte for this purpose. Lead matte is a waste product from secondary lead production (Figure 1) [10,11] 

and finding new possibilities of its use would also be beneficial. 

       

Figure 1 Slag and lead matte from blast furnace 

2.1. Preparation of the experiment 

Crushed lead matte and electrode material from waste laptop batteries were used as input material for the 

experiment. The matte is a waste product from the secondary production of lead in a shaft furnace. Figure 2, 

shows the crushed Pb matte, which has been separated into size fractions. A size fraction of 0.4 -3.15 mm (in 

Figure 2 on the right) was chosen for the experiment. The used electrode material came from discarded waste 

laptop lithium-ion batteries (LIB). The coarse fraction of the light portion and the magnetic portion were 

separated from the crushed batteries.  

Table 1 ED-XRF analysis of lead matte 

 Content of element (wt% / ppm) 

Si S Mn Fe Cu Zn Sn Sb Pb 

K1 
2.22 17.85 3516 51.80 3892 8163 1836 1082 4.65 

2.36 18.05 3372 50.90 3681 7978 1736 973 4.36 

K2 
2.92 17.71 3297 51.69 3780 9985 1597 648 4.17 

3.83 17.94 3644 53.09 4143 6708 1543 447 4.07 

K3 
2.39 17.33 3599 51.99 3843 7472 1778 1153 4.40 

2.82 18.15 3596 53.44 4554 5065 1628 385 3.84 

Average 2.76 17.84 3504 52.15 3982 7562 1686 781 4.25 

The values highlighted in grey are given in ppm. 

The electrode mass was annealed at 500 °C to constant weight. The annealed LIB mass was separated into 

several size fractions (Figure 3), a fraction smaller than 0.4 mm was used for the experiment (in Figure 3 on 

the right). The content of selected elements into LIB mass and blast furnace lead matte was determined by 
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ED-XRF (Energy Dispersive X-ray Fluorescence) spectrometry. The determined metal contents in the matte 

and LIB mass are indicative only. After annealing, the metal content in the LIB mass increased, and the cobalt 

content was then approx. 45 wt%. The determined contents of the selected elements in Pb matte and LIB 

mass are shown in Tables 1 and 2. 

Table 2 Average content of elements in LIB mass after annealing 

 
Content of element (wt%) 

Co Cu Ni Al Si Mn Fe Zn Pb Sn 

Average 45.48 2.61 3.10 1.10 1.41 3.43 0.3608 0.6567 1.84 0.0297 

 

Figure 2 Lead matte and separated fraction 0.4 -3.15 mm after further crushing 

 

Figure 3 LIB mass after annealing - separated fractions higher and smaller than 0.4 mm 

The input materials were used for the pyrometallurgical process. The melting was performed under various 

conditions in order to verify the possibility of the transition of selected metals into the melt and, possibly also, 

to determine the best conditions for this process. The metal content in the castings was observed by ED-XRF 

spectrometry. 
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2.2. Pyrometallurgical process of metals recovery 

Melting was performed in an electric resistance furnace without a protective atmosphere. The melting 

temperature in the range of 1000 - 1200 °C, time of 40 - 80 minutes and a different ratio of LIB mass and Pb 

stone were chosen as variable parameters. Melting conditions are given in Table 3. The resulting melt was 

cast into a preheated graphite mould with a diameter of 25 mm (Figure 4). The material, even after remelting, 

is very brittle and, due to its small volume, tends to crack during cooling. 

 

Figure 4 Lead matte after remelting 

The melting conditions and determined average contents of selected elements in the obtained castings are 

given in Table 3. The charge was prepared by mixing all the electrode mass with a certain proportion of matte 

in the crucible and this mixture was covered with the rest of the crushed Pb matte. The charge was stirred 

during the process. The chemical composition was determined by the ED-XRF method using a Delta 

Professional spectrometer acquired within the frame of the RMSTC project. The measurements were 

performed on the abraded surface of the cast specimens and a clean fracture surface (Figure 5). The castings 

contain a high proportion of iron and sulfur. The lead content is 4 - 5 wt%. The metals of interest are mainly 

cobalt, and then nickel and copper. The measured values show that the metals of interest pass into the melt, 

but it is difficult to assess the success of the process. Nevertheless, it can be said that the success of the 

transition of selected metals is also affected by temperature and melting time. A higher temperature of 1200 °C 

and a longer duration of the process are more suitable for melting. The question is also the choice of the ratio 

of Lib mass and matte. In this experiment, the mass fraction was 15 or 25 wt%. The electrode material is very 

light and bulky in comparison to the matte. In real conditions, it would then be possible to consider the gradual 

addition of the electrode mass and the removal of the unmelted portion from the furnace until a product with 

the desired content of metals of interest is obtained. 

          

Figure 5 Castings before measurement - samples 6 and 3 

20 mm 

10 mm 10 mm 
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Table 3 Average content of elements in castings  

Sample 
T t 

Ratio of 
LIB mass 

Content of element (wt%) 

(°C) (min) (wt%) S Fe Pb Co Cu Mn Ni 

1 1000 25 - 24.47 51.20 4.19 - 0.24 0.31 0.02 

2 1000 35 - 24.74 50.64 4.50 - 0.28 0.30 0.02 

3 1000 40 25 24.41 46.70 4.58 1.27 1.49 0.85 0.17 

4 1100 40 15 25.69 47.53 4.52 1.94 1.23 0.82 0.13 

5 1100 60 15 23.20 47.75 5.09 1.99 1.42 0.85 0.15 

6 1100 80 15 23.89 46.31 5.38 1.77 1.46 0.81 0.16 

7 1200 40 20 25.40 43.53 4.83 3.33 1.61 0.88 0.18 

8 1200 40 25 21.44 38.95 5.42 4.02 2.70 1.34 0.23 

9 1200 60 25 20.08 39.41 5.57 4.57 2.99 1.41 0.28 

10 1200 80 25 22.43 39.38 5.43 4.40 2.91 1.41 0.25 

The Figure 6 shows the temperature and time dependence of the Co or Cu content. A small dependence of 

the increasing content of the element with the increasing temperature and time of the process is visible. In 

Table 4 is process yield of some elements in castings. The process yield of cobalt and nickel is about 30 %. 

This result is not very satisfactory. For manganese and copper, it is in most cases almost 100 %. This result 

is not so surprising considering the loss of material associated with problematic casting and possibility of the 

transition of some metals into slag. In this way, the content of some metals in the product may increase. 

 
Figure 6 The temperature and time dependence of elements content 

Table 4 The process yield of some elements in castings  

Sample 
T t 

Ratio of LIB 
mass 

m  

matte 

m 

LIB mass 

Process yield 

(%) 

(°C) (min) (wt%) (g) (g) Co Ni 

3 1000 40 25 37.5 12.5 9.90 19.45 

4 1100 40 15 42.5 7.5 26.50 26.05 

5 1100 60 15 42.5 7.5 27.18 30.06 

6 1100 80 15 42.5 7.5 24.18 32.07 

7 1200 40 20 34.0 8.5 33.29 26.40 

8 1200 40 25 37.50 12.52 31.30 26.27 

9 1200 60 25 37.50 12.52 35.39 31.99 

10 1200 80 25 37.50 12.53 34.24 28.54 
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3. CONCLUSIONS 

This experiment aimed to determine the possibility of transition of selected metals from the LIB mass into the 

melt and possibly also to determine the best conditions for this process. The lead matte originating from the 

secondary production of lead was to serve as a so-called collector. The melting process took place under 

various conditions, where the influence of temperature and time on the efficiency of the process was 

investigated. It was found that the castings contained a high proportion of iron and sulfur, a lower proportion 

of lead and various proportions of metals of interest. The metals of interest are mainly cobalt, then nickel and 

copper. The measured values show that the metals of interest pass into the melt, but it is difficult to assess the 

success of the process. Nevertheless, it can be said that the success of the transition of selected metals is 

also affected by temperature and melting time. A higher temperature of 1200 °C and a longer duration of the 

process are more suitable for melting. A material with a minimum content of 5 wt% of metals of interest, which 

was obtained for some samples appeared to be a suitable product of the process. The product would be 

destined for further processing. 
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Abstract 

Al-Si-Mg alloys account for the biggest percentage of cast pieces in the world and the automotive industry is 

one of major consumers of these alloys. The properties of Al alloys are influenced by their chemical 

composition, technology of casting, methods of forming and heat treatment. Alloying with Sr, Ti, B etc. can 

improve the structure of casts, the presence of Fe, Mn leads to creation of intermetallic phases of 

Alx(Fe,Mn)ySiz types. The experimental part complements this contribution with metallography and SEM/EDX 

analyses of three different specimens of cast Al alloys with and without heat treatment. Also, metallography 

results are given for Al profiles subjected to different working conditions. The mechanical properties of the cast 

alloys are evaluated by microhardness. The usability of Al-Si alloys with different elements in the automotive 

industry is demonstrated in this work. 

Keywords: Aluminum alloys, chemical composition, microstructure, intermetallic phases, microhardness 

1. INTRODUCTION 

Aluminum is used in a wide range of vehicle parts ranging from heat exchangers to closures; each part requires 

unique functional properties for these differing automotive applications and therefore needs various alloying 

elements. The key alloying elements differ by alloy family. These additions can be Cu, Mn, Si, Mg, Zn and Sn 

[1,2]. 

For simplification reasons, aluminum alloys have been divided in several categories. These categories are 

based on production types and compositions and the primary mechanism of mechanical properties 

development, with cast and wrought aluminum alloys based on production types and heat treatable and non-

heat treatable based on the mechanism of properties development [3,4]. 

The effect of different alloying elements in Al-Si alloys can improve certain properties making it suitable for a 

wide variety of uses. For a finer structure and improved electrical conductivity boron is used, while bismuth 

increases machinability and chromium improves hardenability. The addition of antimony increases corrosion 

resistance in sea water, but the addition of copper decreases this resistance while increasing the strength. 

Cobalt together with iron increases the alloy strength properties at high temperatures [4]. 

The benefits of alloying Al-Si castings with iron are the increase in hot-tear resistance and the decrease in the 

tendency of die soldering. This occurs when the molten aluminium welds to the die surface, damaging the die 

and resulting in a poor casting surface finish. At least 0.6 wt% of iron is required to avoid die sticking but higher 

iron concentration reduces the alloys fatigue properties. Iron also reacts to form several intermetallic phases 

like FeAl3, FeMnAl6 and α-AlFeSi. These phases are insoluble and are responsible for improvement in strength 

at elevated temperatures but come with the downside of embrittlement of the microstructure. 

Iron also decreases the ability to feed, increases the porosity and diminishes the effect of grain refinement. 

Therefore, alloys such as A356 have a limit of 0.12 wt% of iron. Manganese is the most preferred element to 
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neutralize the adverse effects of the excess of iron in the melt. Mn is typically added at half the percentage of 

iron in the melt. Mn and Fe may be considered isomorphous and alloy chemistry may reflect stoichiometries 

favouring the least detrimental insoluble Al-Fe-Mn phases [5,6]. 

When as-cast Al-Si alloys are subjected to elevated temperatures, they tend to experience growth due to the 

precipitation of silicon from the solid solution. Slow solidification of Al-Si alloys results in a coarse 

microstructure, in which the eutectic comprises large plates or needles of silicon in the continuous matrix of 

aluminum. As the coarse plates of silicon are brittle, the eutectic alloy shows low ductility and tensile strength. 

Mechanical properties of Al-Si alloys are largely influenced by the size, form and distribution of second phase 

silicon particles, porosity, eutectic morphology and the grain structures. The second phase silicon particles 

affect the toughness, strength, ductility and tribological properties. Refinement of primary aluminum, silicon 

and eutectic mixture improves the mechanical properties.  

Strontium modification effects are longer and the effective time can be extended up to 10 hours by adding 0.05 

wt% to 0.2 wt% of beryllium, reducing the oxidation speed of the molten metal and stabilizing the strontium 

effect. High Sr master alloys should be added at the lowest practical temperature because they dissolve best 

at a low temperature [4,7]. Phosphorus with aluminum produces aluminum phosphide with a high melting point 

used as an active under-layer for the crystallization of primary Si. The grain refinement is especially effective 

for hypoeutectic Al-Si alloys with a high proportion of solid α solution made available by adding Ti and B to the 

molten metal either individually or in a combination [4]. 

The microstructure of Al-Si alloys depends strongly on both the composition and the casting process. The 

rapid cooling causes a fine eutectic structure, small dendrites cells, small arm spacing and small grain size. 

Slower cooling rates require eutectic modification to obtain the finely dispersed eutectic silicon. The grain size 

and dendrite arm spacing are primarily controlled by cooling and solidification rates. Melt treatment, cooling 

conditions heat transfer from the solidifying metal to the mold has a significant influence on the eutectic 

morphology, thus playing an important role in obtaining a good casting quality [7]. 

The main goal of this work is the characterization of the microstructure and properties of three different 

aluminum alloys. Results of SEM/EDX analyses, incl. microhardness measurements, have been presented. 

2. EXPERIMENTAL MATERIAL AND RESULTS 

For the experimental study the following Al alloys have been used: 

1) AlSi7Mg alloy, commonly referred to as A356, (sample no. 1) prepared by casting and heat treating 

2) AlSi12 eutectic alloy (sample no. 2) prepared by casting 

3) AlSi10Mg alloy (sample no. 3) prepared by casting 

4) AlMg0.7Si alloy profile with a 30 x 30 mm area (sample no. 4) prepared by casting and forming   

5) AlMg0.7Si alloy profile with a 60 x 60 mm area (sample no. 5) prepared by casting and forming 

The results of the chemical analyses of all the samples are presented in Table 1.   

Table 1 Results of chemical analyzes by OES, average value from three measurements (wt%) 

Specimen Alloy Si Fe Cu Mn Mg Ti B Na Sr Al 

Sample no. 1 AlSi7Mg 7.24 0.152 0.001 0.004 0.287 0.115 0.002 0.001 0.017 92.2 

Sample no. 2 AlSi12 12.52 0.231 0.028 0,028 0.008 0.121 --- 0.003 --- 87.1 

Sample no. 3 AlSi10Mg 13.67 0.940 0.710 0.288 0.58 0.052 --- <0.001 --- 84.0 

Sample no. 4 AlMg0.7Si 0.36 0.190 0.007 0.052 0.350 0.009 --- <0.001 --- 99.0 

Sample no. 5 AlMg0.7Si 0.42 0.200 0.006 0.052 0.450 0.012 --- <0.001 --- 98.8 
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Figures 1a and 1b present the microstructures of samples no. 1 to no. 5 (the optical microscope). 

 

Figure 1a Microstructures of samples 1 to 3 (OM) 

A356 (sample no. 1) is a heat treated and modified silumin that shows the primary aluminum dendrite structure 

embedded in Al-Si eutectic in a homogenized and well-organized dendritic structure. The structure contains a 

eutectic formed by needles of silicon in the Al solid solution. In sample no. 2 (AlSi12) un-modified Al-Si eutectic 

in a form of thin dark needles of un-dissolved Si and primary crystallized Al dendrites are shown. The 

microstructure of sample no. 3 (AlSi10Mg) is formed by the eutectic (Al + thin needles of Si) and bigger dark 

Sample no. 1 - AlSi7Mg 

Sample no 2: AlSi12 

Sample no 3:AlSi10Mg 

10 μm 

30 μm 

30 μm 

100 μm 

100 μm 

700 μm 

700 μm 

500 μm 

50 μm 
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areas of pure silicon. In all three Al alloys the grey areas (needles, fish-bones or hexagons) are visible, which 

represent intermetallic phases containing probably Fe, Mn, Al and Si - see white arrows.   

 

Figure 1b Microstructures of samples 4 and 5 - profiles 30 x 30 mm and 60 x 60 mm (OM) 

In samples no. 4 and no. 5) the matrix is pure aluminum, whereof little particles of another phase are visible. 

 

Table 2 Results of EDX chemical analyzes (at%) -  

sample no. 1 (AlSi7Mg) 

Label Mg Al Si Ca Ti Mn Fe Sr 

Spectra 1 - 3  67.2 18.6   0.3 14.0  

Spectra 4 - 6 1.3 41.5 40.7 1.2 1.0   14.3 

Spectra 7, 8   100.0      

Spectra 9, 10  99.0 1.0      

Figure 2 SEM/BEI microstructure of the sample no. 1 

(AlSi7Mg) with positions of the EDX analysis (at%) 

Spectra 1, 2 and 3 are formed by sharp particles (Figure 2). The following types of phases have been known 

from literature: Al15(Mn,Fe)3Si2, Al12(Mn,Fe)3Si, Al10(Mn,Fe)3Si, Al9(Mn,Fe)2Si2, Al8(Mn,Fe)2Si, Al5(Mn,Fe)Si2. 

In our case the most probable intermetallic compound is Al9(Mn,Fe)2Si2 with a theoretical proportion of atoms 

Al:(Mn,Fe):Si = 69.2:15.4:15.4, which is in very good agreement with our results Al:(Mn,Fe):Si ≈ 68:14:18. Fe 

and Mn are added to avoid the cast to stick to the die.  

Sr is added for modification of the sharp structure usually 

present in the Al-Si eutectic, which changes to a more 

rounded form with less stress concentrator sites. Spectra 

4, 5 and 6 are created from globular light particles of IMC 

with Sr. There are currently four different phases 

associated to the intermetallic Al-Si-Sr composition: 

AlSiSr, Al2Si2Sr, Al2Si2Sr3 and Al8Si15Sr4 [8]. In our case 

the ratio between atoms Al:Si:Sr ≈ 41:41:14, which 

corresponds approximately to the known intermetallic 

compounds Al2Si2Sr. But the composition of the 

intermetallic compound may possibly be influenced by 

the presence of Mg, Ti and Ca that were found in the 

spectrum. Ti is added for the grain refinement of the alloy 

and Ca have the same structure modification properties 

as Na with the added benefit of acting as a Fe neutralizer 

in recycled Al alloys with a high Fe content. 

Sample no. 4: AlMg0.7Si  Sample no. 5: AlMg0.7Si 

Figure 3 SEM/BEI microstructure of the 

sample no. 2 (AlSi12) with positions of EDX 

analysis (at%) 
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Spectra 1, 2 and 3 correspond to Al-Si eutectic, 

where Si is concentrated. Spectra 4, 5, 6 and 7 are 

from bright areas, which belong to Al-Si-Mn-Fe 

phase. The exact determination of the formula for 

these particles is difficult in this case because of their 

small sizes and the influence of the eutectic 

surrounding. Spectra 8 and 9 are (α-Al). 

 

Table 4 Results of EDX chemical analyzes (at%) - 

sample no. 3 (AlSi10Mg) 

Label Al Si V Cr Mn Fe Cu 

Spectra 1 - 2 2.8 97.2           

Spectra 3 - 4 71.4 11.3 0.3 1.2 5.6 10.1 0.1 

Spectra 5 - 6 82.0 10.4     1.2 5.2 1.3 

Spectra 7 - 8 98.2 1.8        

Figure 4 SEM/BEI microstructure of the sample 

no. 3 (AlSi10Mg) with positions of EDX analysis 

(at%) 

Spectra 1 and 2 - bright grey areas and belong to almost pure Si, un-dissolved β phase. Spectra 3 and 4 are 

from bright areas, which belong to Al15(Mn,Fe)3Si2 intermetallic compound. These particles contain all the 

alloying elements that give this alloy its properties. V and Cr are added to increase strength and Cu to help 

with the heat treatment of the alloy. Spectra 5 and 6 are marked in irregular sharp areas. These areas are 

composed by Al15(Mn,Fe)3Si2 with 1.3 at% Cu. Spectra 7 and 8 come from the α-solid solution of aluminum. 

 

Table 5 Results of EDX chemical analyses (at%) 

- sample no. 4 (Al profile) 

Label Mg Al Si Mn Fe 

Spectra 1 - 3  81.1 6.2 0.5 12.1 

Spectrum 4 0.3 99.2 0.5   

Figure 5 SEM/BEI microstructure of sample  

no. 4 (Al profile) with positions of EDX analysis 

(at%) 

Spectra 1 to 3 belong to the bright irregular areas in the Figure 5, the chemical composition of these spots 

answers to intermetallic phase Al11(Fe,Mn)2Si type. Spectrum 4 is the α-solid solution of aluminum with 0.5 

at% Si and 0.3 at% Mg. 

In Table 6 results of HV microhardness measurements for all samples are presented. It is evident that the 

highest microhardness had the alloy AlSi7Mg. 

Table 3 Results of EDX chemical analyzes (at%) - 

sample no. 2 (AlSi12) 

Label Al Si Mn Fe 

Spectra 1 - 3 33.3 66.7   

Spectra 4 - 7 89.5 6.3 0.4 3.8 

Spectra 8 - 9 98.8 1.2   
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Table 6 Microhardness results, average values from five measurements (HV 0.1) 

Sample no.1 (AlSi7Mg) no. 2 (AlSi12) no. 3 (AlSi10Mg) no. 4 AlMg0.7Si (30 x 30) no. 5 AlMg0.7Si (60 x 60) 

HV 0.1 109 66 95 73 80 

 

Figure 6 Grain structure in samples no. 4 (Al profile 30 x 30 - on the left) and no. 5 (Al profile 60 x 60 - on 

the right) - color etching 

Figure 6 shows different grain sizes and their orientations. The average grain size for sample no. 4 was 69 

μm, for sample no. 5 is 60 μm, respectively. Near to the surface of the wall (thickness 3 mm) grains are bigger 

than in the central part.   

3. CONCLUSIONS 

This work deals with three different types of aluminum alloys AlSi7Mg (A356) after casting and heat treatment; 

AlSi12 and AlSi10Mg only after casting and alloys AlMg0.7Si (profiles 30 x 30 mm and 60 x 60 mm) after 

forming. On the basis of EDX analyses we have found three types of intermetallic compounds: Al9(Mn,Fe)2Si2 

in A356, Al15(Mn,Fe)3Si2 in the alloy AlSi10Mg and Al11(Fe,Mn)2Si type in the AlMg0.7Si profiles. In A356 

alloyed with strontium we have found Al2Si2Sr intermetallic phases. The highest microhardness has been 

observed in AlSi7Mg alloy. The microstructure of all three Al-Si-Mg alloys has been dendritic (α - solid solution 

of Al) with the eutectic (Al) + (Si) in a form of thin Si needles. The substructure of Al profiles has shown grains 

with different sizes and orientations, the average grain size has been between 50 and 70 μm.  

The automotive and aerospace industry have been using these alloys for a long time and thousands of articles 

have been written already studying their properties, proposing not only technological changes to the way the 

alloys are processed but also changes in processing the castings and in the amount of alloying elements. 
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Abstract  

Silumins (Al-Si alloys) are the most used type of aluminum foundry alloys used in the automotive. Their 

significant expansion is result of unique properties combination. The requirements of current automotive 

industry bring demands for high mechanical properties of silumins (mostly by high temperature processes, 

which decrease properties of aluminum alloys). One area of application where silumins replace the Fe based 

alloys are forms for tires pressing. Working temperature during this casting process is 160-180 °C, but 

nowadays trends for rubber vulcanization in tires production increase working temperature over 200 °C.  

Ordinary aluminum alloys lose their mechanical properties at this temperature. 

The article describes results of research of newly developed alloy applied for tire pressing forms. This research 

was subsequently widened by heat treatment being applied to this alloy. Both of these material characteristics 

(chemical composition and heat treatment) preserve its mechanical properties even when being exposed to 

high temperature processes. 

Keywords: Aluminum alloys, chemical composition, heat treatment, automotive forms 

1. INTRODUCTION 

Aluminum alloys are widely used in number of industries for their unique mechanical properties. In order to 

satisfy industrial demands, new alloys are developed. With knowledge of the effect of chemical composition 

on mechanical properties of final alloys many researchers focused their experiments on this field of study  

[1-5]. 

Alloying elements were chosen based on following literature sources. Copper increases ability of precipitation 

hardening due to creation of intermetallic phase CuAl2. [6] Nickel makes intermetallic phases stabile within 

high temperature. Manganese decreases the negative impact of iron content. It also creates an intermetallic 

phase α-Al15(FeMn)3Si2 (Chinese script) [8]. Magnesium together with silicon creates intermetallic phase Mg2Si 

increasing mechanical properties (hardness and strength) after heat treatment process [15]. Silicon content 

reaching eutectic point improves casting properties. Modifiers for changing morphology of eutectic silicon 

particles in hypoeutectic silumins are strontium, antimony and calcium [2,3,16]. 

Based on information mentioned above [6,7,8,14], the new alloy AlSi9CuNiMnMg was developed. In order to 

improve mechanical properties, aluminum alloys are usually heat treated. Therefore several heat treatment 

processes were examined and their effects were evaluated. Main aim of this research is to design new 

aluminum alloy and heat treatment process that can replace nowadays material for tire pressure moulds within 

local automotive company.  
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2. EXPERIMENT 

The new alloy was developed as an improvement of AlSi7Mg0.3 alloy (EN AC 42 100) in relation to its usage. 

Alloy was used for casting form segments for tires pressing. Each of the moulds for tire pressing was made 

from 8 - 32 segments (depending on tires size). Castings (Figure 1) were produced by low pressure die casting 

technology. Batch of melt was dosed in furnace in 500 kg weight. The melt was purified by the addition of 

refining salt. The reduction of the gas content (gaseous impurities) in the melt was performed by FDU 

technology. After purifying, the melt was transferred in die during the fill stalk (made by centrifugal casting from 

cast iron) under the pressuring gas. Solidification of the alloy in die was performed under 0.66 MPa pressure. 

Two segments mould made from developed alloy are show in Figure 1 a). 

During the research, several variants of castings were produced using low pressure die casting technology. 

The individual variants of castings differed in chemical composition (different content of Si, Cu, Ni, Mn and Mg 

and use of different silumins modifiers - Sr, Sb and Ca). 

The second phase of the research optimized the heat treatment parameters. The target of research was to 

develop new Al-Si alloy with high mechanical properties (even at high temperature) while maintaining good 

technological properties (castability and machinability). 

The investigation of the mechanical properties of the alloy was carried out by measuring the hardness and 

microhardness and the static tensile test (at 20, 170 and 250 °C temperature). Alloy microstructure was 

analysed via light and scanning electron microscopy. Samples for the static tensile test within the casting 

(mould segment) are schematically indicated in Figure 1 b). 

 

Figure 1 Example of analyzed samples, a) castings of segments, b) samples for static tensile test 

3. RESULTS AND DISCUSSION 

The microstructure of developed alloy corresponds to microstructure of hypoeuctectic silumins. Microstructure 

is created by dendritic cell of solid solution (bright fields). In interdendritic space is eutectic excluded (consisting 

of solid solution and eutectic silicon particles). In the unmodified state, silicon is precipitated in the form of 

hexagonal plates. 

The addition of nickel to the alloy caused the formation of intermetallic phases of the Al-Si-Cu-Ni type and 

AlNi3 in the microstructure. Polycomponent intermetallic phases type of Al-Si-Cu-Ni are captured in Figure 2 

(highlighted by red colour).  
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Figure 2 Intermetallic phases type of Al-Si-Cu-Ni, a) light microscopy, b) SEM 

Manganese in alloy caused the iron to bind to the intermetallic phase α-Al15(FeMn)3Si2 (Chinese script). 

Precisely the addition of manganese prevented the formation of β-AlFeSi (in the shape of needles which 

significantly reduces mechanical properties). These intermetallic phases are captured in Figure 3. 

 

Figure 3 Intermetallic phases type of Al-Si-Cu-Ni, a) light microscopy, b) SEM 

Alloy strontium, antimony and calcium were used as modifiers of the newly developed. Detail of eutectic silicon 

particle after modification is captured in Figure 4 (a) 0.03 wt% Sr, b) 0.12 wt.% Sb, c) 0.20 wt.% Ca). The 

picture shows a difference in the morphology of eutectic silicon particles under the influence of individual 

modifiers. Addition of strontium (0.03 wt%) changes eutectic silicon morphology into shape of fibers (round 

cross section with diameter in the order of units of micrometers and length in tens of micrometers. Use of 

antimony as a modifier (0.12 wt%) incurred solidification of eutectic silicon in form of fine lamels with rounded 

edges. Modification of alloy by calcium (0.20 wt%) incurred eutectic silicon particles in form tiny plates (with 

an edge length of approximately ten micrometers).  
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Figure 4 Details of eutectic silicon after modification: a) 0.03 wt% Sr, b) 0.12 wt% Sb, c) 0.20 wt% Ca 

The addition of alloying elements led to the desired changes in the microstructure of the alloy. The addition of 

copper and nickel led to the formation of polycomponent intermetallic phases enabling an increase in 

mechanical properties through heat treatment and their maintenance at high temperatures. Manganese in the 

alloy caused iron to bind to coveted intermetallic phases (α-phase).  

Based on changes in the microstructure caused by the addition of alloying elements the chemical composition 
of the alloy listed in Table 1 was proposed. 

Table 1 Chemical composition of developed alloy 

Element Si Cu Ni Mn Mg Sr 

Content (wt%) 8.5 - 10 0.6-1.2 0.6-1.0 0.3-0.7 0.3-0.5 0.03-0.05 

The heat treatment process applied upon developed alloy consisted of homogenization and subsequent 

artificial aging. As starting point for heat treatments parameters of new developed alloys were used heat 

treatment parameters of AlSi7Mg0.3 and AlSi12CuNi alloy. Variable in heat treatment process was 

homogenization temperature and temperature of artificial aging. Five variants of parameters were chosen for 

heat treatment. Homogenization of samples was realized at temperature between 490 and 530 °C (hold on for 

2 hours). All samples were quenched in water at temperature 50 °C. Artificial aging of samples realized at 

temperature between 140 and 190 °C (hold on for 6 hours). The parameters of the individual heat treatment 

variants are recorded in Table 2. Table 2 shows also the values of ductility, tensile strength and hardness 

(Brinell and Vickers). The parameters of Variant 1 were the optimal parameters of heat treatment (maximum 

values of the investigated mechanical properties). 

Table 2 Mechanical properties of developed alloy after heat treatment (HT) 

Variant of HT Homogenization (°C) Artificial aging (°C) A (%) Rm (MPa) HBW (2.5/62.5/10) HV (0.02) 

1 530 170 4.1 286 144 134 

2 510 140 4.0 247 126 112 

3 510 190 3.9 264 131 133 

4 490 140 4.1 252 125 125 

5 490 190 4.0 262 125 118 
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Results of static tensile test (ductility and ultimate tensile strength) performed at different temperature are 

recorded in Table 3. From the obtained data it is evident that the strength limit of the developed alloy is 

maintained up to a temperature of 250 °C. 

Table 3 Ductility and ultimate tensile strength developed alloy at different temperature 

Temperature (°C) A (%) Rm (MPa) 

20 5.4 292 

170 5.8 291 

250 7.4 300 

4. CONCLUSION 

Based on the described research, a new alloy for moulds was patented. New hypoeutectic silumins with 

original chemical composition (alloyed with copper, nickel, manganese and magnesium) is able to be used as 

material for moulds for tires pressing. Chemical composition and optimized heat treatment parameters newly 

developed alloy provide high mechanical properties in normal and in increased temperature. The newly 

developed alloy has become part of the production portfolio of a company producing moulds for tire pressing 

as a replacement for AlSi7Mg0.3 alloy. 
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Abstract 

The effect of compressive deformation of the nickel-enriched Ti-Ni shape memory alloy in a temperature range 

of 100 to 900 °С on phase composition, microstructure, mechanical and functional properties was studied. The 

temperature ranges of dynamic recovery, polygonization and recrystallization were determined as a result of 

comparative optical microscopy, XRD, DSC studies, HV measurements and shape recovery testing. Lowering 

of the compressive deformation temperature is accompanied by an increase in a hardness value from 280 to 

350 HV and leads to decrease in average grain size from 33 to 16 μm. The dispersion hardening leads to an 

increase in shape recovery properties. The optimum deformation temperature range for thermomechanical 

treatment of Ti-Ni SMA from the viewpoint of ultrafine-grained structure and high functional properties 

formation was determined as 400 to 600 °C.  

Keywords: Shape memory alloys, Ti-Ni, thermomechanical treatment, structure parameters  

1. INTRODUCTION 

The Ti-Ni shape memory alloys (SMA) belong to one of the most promising and actively developing functional 

materials [1-6]. Expansion of the application scope and increase in the complexity of medical devices using 

shape memory effect lead to formation of stricter requirements for the functional properties (FP) of Ti-Ni SMA. 

One of the most effective ways to control the FP is a thermomechanical treatment (TMT), which allows creating 

a wide spectrum of structures from a polygonized substructure to an ultrafine-grained structure [7-9]. The 

refinement of the structure is usually achieved by lowering of the deformation temperature and increasing of 

accumulated strain [9-11]. For obtaining of the ultrafine-grained structure in Ti-Ni alloys, various modes of 

severe plastic deformation are used: equal channel angular pressing [12,13], rotary forging [14], MaxStrain-

deformation [11,15] and high pressure torsion [16,17]. The development of new TMT technologies for 

producing of Ni-rich Ti-Ni SMA which use lower deformation temperatures (below the recrystallization 

temperature) for effective structure refinement requires knowledge about the temperature ranges of hardening 

and softening processes during deformation in a wide temperature range. The difficulty in determination of Ti-

Ni SMA optimum deformation modes may be explained by the lack of data about the forming structure and 

properties during TMT at temperatures below 600 °C. This is one of the constraining factors of their practical 

application and manufacturing. Thus, for further testing of different TMT modes at lower temperatures, it is 

necessary to know the temperature ranges and details of dynamic processes of structure formation. This work 

is aimed at determining of the optimum regimes of thermomechanical treatment for manufacturing Ti-Ni SMA 

with high FP level. 
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2. EXPERIMENTAL 

Compression tests of the nickel-enriched Ti-Ni alloy containing 50.9 at% Ni were performed at a deformation 

rate of 1 s-1 with accumulated logarithmic strain e = 0.5 in the temperature range from 100 to 900 °C. Before 

deformation, the samples of 5 mm in diameter and 10 mm in height were subjected to а reference treatment 

(RT) included heating at 700 °C for 0.5 h and water quenching. As a result, the following characteristic 

temperatures of the direct (Ms, Mf) and reverse (As, Af) martensitic transformations after RT were determined 

by DSC method: Ms = -80 °C, Mf  = -95 °C, As = -65 °C, Af = -45 °C. The structure and phase composition after 

deformation by compression at a given temperature were examined at room temperature by optical microscopy 

and X-ray diffractometry. The average grain size was determined by the linear intercept method. The 

mechanical properties were evaluated by Vickers hardness tests. Measurements were carried out at seven 

points in different parts of the sample at room temperature using a “LECOM 400-A” tester under a load of 1 N. 

The completely recoverable strain was evaluated by a thermomechanical method including deformation by 

bending in liquid nitrogen and subsequent heating for shape recovery. 

3. RESULTS AND DISCUSSION 

3.1. Analysis of mechanical properties 

The strain in the compressed cylindrical sample is not evenly distributed. Analysis of the distribution of 

hardness values shows its difference in the range of 10-20 HV between the central and peripheral parts of the 

samples. Figure 1 shows the average values of hardness for samples after deformation at various 

temperatures. Lowering the deformation temperature from 900 to 100 °C is accompanied by an increase in 

hardness from 280 to 350 HV, which indicates an increase in defective structure. At a deformation temperature 

of 600 °C and higher, the hardness approaches the level of the reference treatment, which indicates the 

progress of the recrystallization processes. 

3.2. Microstructure analysis 

Optical microscopy study of the obtained structure of the alloy reveals that the average grain size of B2-

austenite measured after deformation at temperatures from 100 to 600 °C, increases slightly with increasing 

in deformation temperature from 16 to 22 μm (Figure 1), while the elongated shape of the grain is preserved.  

 
Figure 1 Dependence of changes in hardness (HV) and grain size (d) on deformation regimes 

Tdef (°C) 

HV d (μm) 
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Optical microscopy analysis also confirms that the structure obtained by compressive deformation at 

temperatures from 100 to 600 °C is not uniform. The study of the structure over the entire field of the thin 

section showed the presence of regions with elongated, predominantly oriented grains in the central part and 

with approximately equiaxed grains in the peripheral part (Figures 2a,b). The deformation at 700 °C leads to 

the dynamic recrystallization development and formation of small new grains, the number of which at the edge 

of the thin section is much larger than in the center. At the same time, the average grain size does not 

practically change in comparison with RT and equals 23 μm (Figure 2d). An increase in the deformation 

temperature to 900 °C leads to complete recrystallization and an increase in the average equiaxed grain size 

to 33 μm (Figure 2c). The obtained patterns are consistent with the general concepts of structure formation of 

Ti-Ni SMA in terms of deformation [18]. 

 
Figure 2 Structure of nickel-enriched Ti-Ni SMA after deformation at (a) T = 100 °C, (b) T = 600 °C (central 

and peripheral parts) and (c) T = 900 °C, and (d) after reference treatment 

3.3. X-ray diffractometry analysis 

After RT, the alloy has the ordered BCC structure of B2-austenite phase at room temperature. Deformation in 
the temperature range of 100-900 °C does not lead to changes in the phase composition. The position of the 

{110}B2 line peak varies within ± 0.05 2θ degrees  which indicates the absence of significant macrostresses 

in the alloy. 

The dependence of the {110} B2 X-ray line width on the deformation temperature is shown in Figure 3. It 

decreases as the deformation temperature increases, first, slowly (up to 300 °C), then rapidly (from 300 to 

600 °C), and then stabilizes. Such change in the X-ray line width indicates a decrease in the degree of crystal 

lattice defectness due to the successive development of dynamic recovery, polygonization, and 

recrystallization processes.  
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Figure 3 Dependence of the {110} B2-austenite X-ray line width on deformation temperature 

A comparative study of Ti-Ni SMA structure, phase formation and changes in hardness values in a wide range 

of deformation temperatures (100 - 900 °C) allow to determine the boundaries of the temperature regions of 

dynamic softening processes under conditions of deformation (Figure 3). The dynamic recovery region of the 

alloy is 100 - 300 °C, which follows from the low softening processes development and high structure 

defectness. The dynamic polygonization range is 300 - 600 °C, as evidenced by the accelerated decrease in 

the width of the X-ray line. The dynamic recrystallization range lies above 600 °C that is evidenced by the new 

recrystallized grains formation and return of the X-ray line width to the level of RT. 

3.4. Analysis of functional properties 

The initial strain in the shape recovery experiment was induced in liquid nitrogen (below Mf temperature)  

and estimated as the value of total recoverable strain (εrt) due to the realization of the shape memory effect 

(SME) and superelasticity (SE). After all deformation regimes, the completely recoverable strain was not less 

than 7 %. The maximum values of the completely recoverable strain εrt = 9 % were obtained after deformation 

in the 400-600 °C range. It can be explained by the intensive realization of dispersion hardening processes 

due to precipitation of Ti3Ni4 phase particles in this temperature range [19,20]. A change in the ratio  

of the components of the total recoverable strain εrt with the deformation regime changes was observed.  

The ratio of the contributions of SME and SE to the total recoverable strain after all regimes was in favor  

of the SME. After deformation at 300 °C, these fractions were close in magnitude εrt (SE) = 6.4 % and  

εrt (SME) = 5.4 %). The use of different deformation regimes makes it possible to change the ratio of the 

fractions of the total recoverable strain components that can be used in the design of devices which operation 

is exclusively based on the SE or SME. 

4. CONCLUSION 

Lowering of the compressive deformation temperature from 900 to 100 °C of nickel-enriched Ti-Ni SMA is 

accompanied by an increase in hardness from 280 to 350 HV and leads to formation of structure with an 

average size from 33 to 16 μm. The temperature regions of the development of dynamic softening processes 

in nickel-enriched Ti-Ni SMA are established, as follows: dynamic recovery in the range of 100 - 300 °C; 

dynamic polygonization in the range 300 - 600 °C, dynamic recrystallization above 600 °C. The highest shape 

recovery characteristics (a total recovery strain of 9 %) were obtained after deformation in the temperature 
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range of 400 - 600 °C. Thus, the temperature range 400-600 °C is the most promising from the viewpoint of 

ultrafine-grained structure and high functional properties formation in nickel-enriched Ti-Ni SMA. 
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Abstract  

Influence of quasi-continuous ECAP with channel intersection angles of 110 and 120° on the structure 

formation and properties of Ti-50.1 at% Ni shape memory alloy was studied and compared. The structure was 

studied using X-ray diffraction analyses and transmission electron microscopy. The mechanical properties 

were determined by the uniaxial tensile and hardness tests. The maximum completely recoverable strain and 

temperatures of reverse martensitic transformation were estimated by a thermomechanical method using a 

bending mode for strain inducing. After ECAP with channel intersection angle of 120° for 3 passes at 400 °C 

a mixed ultrafine-grained structure with high density of free dislocations and incompletely equiaxed structural 

elements size of about 130-150 nm is formed. In comparison, after ECAP with channel intersection angle of 

110° an ultrafine-grained structure with deformation bands elongated in the direction perpendicular to the 

sample axis, consisting of the less uniform equiaxed and ellipsoid structural elements with the size of about 

50-150 nm is obtained. After both studied ECAP regimes samples have relatively high values of hardness 

(220 HV) and strength characteristics (σy = 850/1000 MPa, σB = 1040/1020 MPa, 120/110°). Maximum 

completely recoverable strain of 7.1 % is obtained after ECAP with channel intersection angle of 110°, and 

post-deformation annealing at 400 °C, 1 h. 

Keywords: Shape-memory alloys, titanium nickelide, ultrafine-grained structure, equal channel angular  

                   pressing, functional properties 

1. INTRODUCTION 

Ti-Ni-based shape memory and alloys (SMA) are widely used in different fields of engineering and medicine 

as a functional material for production of various shape-memory devices [1-6]. It is well-known that formation 

of ultrafine-grained (UFG) structure in Ti-Ni SMA allows considerably improving mechanical and functional 

properties. Severe plastic deformation (SPD) is one of the most attractive methods of thermomechanical 

treatment used for structure refinement [7-11]. In their turn, the most promising SPD method for production of 

bulk UFG billets from Ti-Ni SMA is equal channel angular pressing (ECAP) [12-16]. The best combination of 

properties in Ti-Ni SMA can be achieved after formation of completely nanocrystalline structure (60-80 nm) 

[14]. Traditional mode of the ECAP (with additional heating in the pauses between the passes) allow obtaining 

only structure with the average grain/subgrain size of elements about 150-250 nm [8]. According to [17], for 

the further grain refinement ECAP in quasi-continuous mode can be used. It allows obtaining mixed 

nanosubgrained and nonocrystaline structure (average size 103 ± 5 nm) and increase the completely 

recoverable strain (one of the primary functional property of SMA) to 9.5 % due to the peculiarities of mixed 

nanograined/nanosubgrained structure with a high dislocation density which prevents plastic deformation by 

dislocation slip during deformation inducing shape memory effect [14]. For the additional investigation of the 
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quasi-continuous ECAP process it is necessary to analyze the influence of change of basic ECAP parameters 

on the evolution of structure and properties. In this context, for the further study of ECAP in quasi-continuous 

mode, the influence of the channel intersection angle decrease from 120 to 110° on the features of structure 

formation, mechanical and functional properties is performed in the present work. 

2. EXPERIMENTAL PROCEDURE 

In the present work, Ti-50.1 at% Ni alloy, supplied by “Industrial Center MATEK-SMA Ltd.”, was studied. The 

billets for ECAP, rods 20 mm in diameter, were produced by screw rolling at 850 - 950 °C with reduction of  

7 - 20 % per pass and interpass heating (hot-rolled state). ECAP was carried out after annealing at 750 °C, 

0.5 h (reference treatment - RT) in the quasi-continuous mode at the temperature of 400 °C for 3 passes for 

both channel intersection angels 110 and 120°. A post-deformation annealing (PDA) at the deformation 

temperature for 1 h was performed after ECAP with channel intersection angel of 110° for the study of stability 

of structure and properties. The structure was studied at room temperature using “Ultima IV Rigaku” X-ray 

diffractometer and “JEM-2100” transmission electron microscope. The mechanical properties were determined 

at room temperature by the uniaxial tensile tests using universal tensile machine “INSTRON 3382”. The 

Vickers hardness measurements were carried out at room temperature using a “LECOM 400-A” tester under 

a load of 1 N. The maximum completely recoverable strain and starting and finishing temperatures of reverse 

martensitic transformation As and Af were estimated by a thermomechanical method using a bending mode 

for strain inducing. 

3. RESULTS AND DISCUSSION 

3.1. X-ray diffraction analyses  

The phase composition of the samples after RT and two regimes of ECAP is estimated using X-ray 

diffractograms shown in Figure 1. 

 

Figure 1 X-ray diffraction patterns of the ECAP under different regimes 
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After RT mixed phase composition can be seen: the main phase is B19'-martensite, and not more than 20 % 

of the rhombohedral R-phase and B2 austenite are also present. After ECAP with channel intersection angle 

of a 120° close phase composition is defined, but with the certain broadening of the 002B19' peak width due to 

an increase in deformation hardening. The lowering of the channel intersection angle to 110° leads to additional 

broadening of the 002B19' peak, and to a decrease in the amount of martensite due to the increase of В2→R 

transformation temperature and formation of the R-phase. The post-deformation annealing (PDA) does not 

lead to the significant difference in comparison with the state after ECAP, except the slightly more noticeable 

separation of R-phase peaks, and some increase in the R-phase amount.  

3.2. Transmission electron microscopy 

The results of TEM study after ECAP with channel intersection angle of 120° correlates well with X-ray 

diffraction analyses. A mixed structure with high density of free dislocations and incompletely equiaxed grains 

and subgrains of submicron size is formed (Figure 2).  

 

Figure 2 Microstructure of the Ti-Ni alloy subjected to quasi-continuous ECAP with channel intersection 

angle of 120° for three passes at 400 °C. Transmission electron microscopy: bright field image, dark field 

image, electron diffraction patterns 

 

Figure 3 Microstructure of the Ti-Ni alloy subjected to quasi-continuous ECAP with channel intersection 

angle of 110° for three passes at 400 °C. Transmission electron microscopy: bright field image, dark field 

image, electron diffraction patterns 

In the electron diffraction patterns both discrete and continuous arc reflections are observed. The liner size of 

structural elements is about 130 - 150 nm, grains/subgrains with a size of less than 100 nm i.e. are also 

presented. Analyses of microstructure after ECAP with channel intersection angle of 110° shows that a 

complex ultrafine-grained structure is formed (Figure 3). Patterns of three main phases, i.e., В19'-martensite, 

R-martensite, and В2-austenite may be observed in Figure 3. In comparison with the structure after ECAP 
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with angle of 120° the structural elements are less uniform. In the bright-field images, deformation bands 

elongated in the direction perpendicular to the sample axis are observed. They consist of equiaxed and 

ellipsoid structural elements, with long axis also oriented in the direction perpendicular to the sample axis. In 

the strong reflexes of the first diffraction ring both groups of closely oriented structural elements (subgrains) 

adjacent to each other as well as individual bright elements (grains with high-angle misorientation) are defined. 

The annularity of the electron diffraction pattern increases due to an increase in the azimuthal broadening of 

phase reflections, which indicates an increase in the local crystal lattice distortion because of slight increase 

in its defectiveness. The sizes of the elements are in the range from 50 to 150 nm. Density of free dislocations 

is visually higher. 

3.3. Comparison of mechanical and functional properties 

Mechanical and functional properties of Ti-Ni samples after RT and ECAP with both studied channel 

intersection angles are performed in Table 1. 

Table 1 Mechanical and functional properties after different regimes of ECAP 

Treatment 
σcr 

(MPa) 

σy 

(MPa) 

σ 

(MPa) 

σв 

(MPa) 

δ 

(%) 

HV 

(ea) 

εr,1
max 

(%) 

AS 

(°C) 

Af 

(°C) 

Reference 100 430 330 700 28 130 2.0 42 64 

ECAP3_120° 140 850 710 1040 17 220 6.3 57 67 

ECAP3_110° 150 1000 850 1020 52 220 6.8 47 62 

ECAP3_110° + 400 °C, 1 h 120 1000 880 1050 49 220 7.1 46 65 

Measurements of the Vickers hardness show high hardness value after both ECAP regimes in comparison 

with reference treatment (RT - 130 HV, both ECAP regimes - 220 HV). The same hardness value after both 

ECAP regimes indicates that an increase in the accumulated strain does not lead to an additional hardening. 

The analyses of mechanical behavior during tensile tests at room temperature shows that after both ECAP 

regimes the strength characteristics (σy = 850/1000 MPa, σB = 1040/1020 MPa, 120/110°) are much higher 

than after RT (σy = 430 MPa, σB = 700 MPa). The maximum ultimate tensile strength is observed after PDA of 

samples after ECAP with channel intersection angle of 110° (B = 1050 MPa). High elongation to failure after 

ECAP with channel intersection angle of 110° should also be noted (δ = 52 %). It may be explained by effect 

of anomalously high plasticity of Ti-Ni alloys during deformation in the region of the existence of the R- phase 

near the R→ B19' martensitic transformation (Figure 1) [18-19]. Maximum completely recoverable strain of 

7.1 % was obtained after ECAP with channel intersection angle of 110° and PDA at 400 °C, 1 h (Table 1).  

It correlates with the maximum difference between the values of the transformation yield stress (σy) and critical 

stress of martensite reorientation (σcr) Δσ = 880 MPa. Increase of transformation yield stress value (σy) after 

ECAP with channel intersection angle of 110° may be defined by the increase in deformation hardening and 

corresponding increase in the value of crystal lattice defectiveness. The comparison of shape recovery 

temperatures after two studies ECAP regimes and RT shows slight increase of starting temperature of reverse 

martensitic transformation AS, especially after ECAP with channel intersection angle of 120°. Finishing 

temperature of reverse martensitic transformation Af is practically the same after RF and ECAP. The error 

limits of the reported values are as follows: ±15 MPa for σ, ± 9 for HV, ± 1.4 % for δ, ± 0.3 % for  εr,1
max, ± 3.0 

°C for AS and Af. 

4. CONCLUSION 

After ECAP with channel intersection angle of 120° for 3 passes at 400 °C a mixed ultrafine-grained structure 

with high density of free dislocations and incompletely equiaxed structural elements size of about  
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130 - 150 nm in Ti-50.1 at% Ni shape memory alloy is formed. In comparison, after ECAP with channel 

intersection angle of 110° an ultrafine-grained structure with deformation bands elongated in the direction 

perpendicular to the sample axis, consisting of the less uniform equiaxed and ellipsoid structural elements with 

the size of about 50 - 150 nm is obtained. The closed phase composition after both studied regimes of ECAP 

at room temperature is presented: B19'-martensite, R-phase and B2 austenite, but with different ratio between 

the phases. The lowering of the channel intersection angle to 110° leads to a decrease in the amount of 

martensite and formation of the R-phase due to the increase of В2→R transformation temperature. After both 

studied ECAP regimes samples have relatively high values of hardness (220 HV), strength characteristics  

(σ0,2 = 850/1000 MPa, σB = 1040/1020 MPa, 120/110°) and functional properties (εr,1
max = 6.3/6.8 %, 120/110°). 

Maximum completely recoverable strain of 7.1 % is obtained after ECAP with channel intersection angle of 

110°, plus post-deformation annealing 400 °C, 1 h. It correlates with the maximum value of transformation 

yield stress (σy = 1000 MPa) and corresponding increase of difference between σy and critical stress of 

martensite reorientation σcr. 
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Abstract 

The introduction of a high degree of automation, such as robotic manipulation in metallurgical processes is no 

longer a difficult discipline with limited use although these processes are characterized by a specific 

environment that sets high demands on automation. Forging is a manufacturing process involving the shaping 

of metal using localized compressive forces where robot manipulates step by step through the forging process 

until the finished workpiece is removed from a forging press. In many such production lines people are still 

working in difficult working conditions with a high risk of injury. By replacing the worker with robots, the process 

becomes much safer and more efficient. Process automation in extreme environmental conditions requires a 

specific kind of know-how. The implementation of robots into metallurgical processes is a major challenge for 

robot manufacturers in terms of the robot’s service life. The paper summarizes and shows the fundamental 

requirements that must be considered before designing and integrating robotic systems into these particular 

conditions. 

Keywords: Automation, forging, metallurgy, robotic automation, robotics 

1. INTRODUCTION 

According to the Definition of the Oxford Advanced Learner's Dictionary word "Automation" means the use of 

machines and computers to do work that was previously done by people [1]. Furthermore, business process 

automation provides consistent, measurable and repeatable services at lower costs. Although this is an 

accurate academic definition, in fact automation is a broad discipline of highly sophisticated technologies 

appropriately combined into functional units for use in all sectors of industry from small companies to large 

technological units. 

Metallurgy is one of the most demanding industries in terms of the working environment and therefore at the 

forefront of interest in the context of the introduction of robot-based automation as a substitute for human labor. 

It requires durability, reliability, thoughtful design, and high performance in extreme working conditions. 

While industrial robots quickly establish themselves in industries such as Automotive, Metal and Machinery 

and Electrical / Electronics, Metallurgy, another large sector has long not been at the forefront of the work in 

this field. This was not due to a lack of interest in the introduction of robotics in metallurgy, but to the extreme 

conditions to which industrial robots are exposed. 

Robotics are being used in many aspects of manufacturing to help boost productivity and efficiency while 

lowering production costs. Similar to the automotive industry, many robots in manufacturing replace workers 

to perform repetitive, monotonous, or serious and/or life-threatening tasks under the worker’s guidance and 

control. With these robots, universality, speed and durability are valued as well as the ability to be 

reprogrammed for many specific tasks with varying degrees of complexities. Robotic manufacturing 

technologies are becoming more complex as cameras, sensors, machine vision and artificial intelligence 

enable robots to interact with the surrounding workspace. 
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Typical products of the metallurgy that have been automated in the automotive industry includes for example 

gears, crankshafts, engine cases etc. With the concurrent objective of not to affect the structure and properties 

of the material such as hardness and straight by the automated forging processes themselves. 

The key benefits of the introduction of automation: 

 increased production volume, 

 reduced labour-hours, 

 reduced costs, 

 improve both the effectiveness and the efficiency of processes, 

 improve quality and quantity at the same time 

 safer operation minimizing the impact of a harsh environment on a worker's health and the development 

of an occupational diseases. 

The aim of the paper is to point out the great opportunity of robotic automation in terms of design and technical 

aspects of automation in metallurgical processes. The paper also provides brief information on industrial robot 

requirements for special uses in metallurgy. The paper further gives an example of the robotic application in 

the forging processes and shows that the effort is worth using a high level of robotic automation in heavy 

industry. 

The methodologies of induction, deduction and generalization were used to obtain the outputs of the paper. 

This paper has been done with using interview with industry expert, system integrators and end users than 

associated with specific case study or academic literature research. 

2. AN INDUSTRIAL ROBOT DESCRIPTION 

Since robots are manufactured for a variety of applications, which directly affects their design, complexity and 

the material they are made of, this paper focuses on 6-axis industrial robots only.  

Industrial robots are mechanical devices designed to replicate human-like motions of a robotic arm with a wide 

range of versions with various payload capacities and reaches. The robots are mostly built of steel, cast iron 

and aluminum. An industrial robot is an ingenious tool containing mechanical, electrical and electronic parts, 

as well as electrical cabling and rubber hoses. The motion-generating mechanisms such as cylinders and 

servo motors can be actuated by hydraulic oil, pressurized air or electricity. Hoses of silicone, rubber, and 

braided stainless steel connect these mechanisms to their control valves.  

Electric parts as well as hydraulic or pressured actuator is controlled by the robot controller. The motion 

controller is an electrical cabinet located near the robot's work area. Control system software architecture 

integrates Robot Control, PLC Control, Motion Control and Safety Control. All controllers share a database 

and infrastructure. 

3. INDUSTRIAL ROBOT REQUIREMENTS FOR SPECIAL USES IN METALLURGY 

The metallurgical industry is one of the most complex and specific industries and is therefore directly destined 

for the introduction of the modern elements of automation. One such solution is the integration of industrial 

robots, however robot-based automation has its requirements and limits. Specific operating conditions such 

as extreme temperatures and dust are a challenge for robot manufacturers' development department to come 

up with new advanced solutions and use modern materials to ensure flawless performance in extreme working 

conditions with sustainable performance and efficiency. 

Optimized industrial robots for harsh working environments are provided with a protective coating against heat, 

corrosion, and acid. To protect the robot from the environment, some exposed areas are covered with flexible 

robot jacket protective cover intended for a forge or foundry as shown in Figure 1. 
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Figure 1 Robotic aluminum cover jacket that suits foundry and forging [2] 

Another integral part of the robot, which is exposed to extreme conditions, is a robotic gripper. Gripping tools 

must withstand high temperature, therefore grippers are made of special materials in order to cope with 

extreme production conditions and handle parts weighing up to 300 kg. Robot grippers are the physical 

interface between a robot arm and the work piece. Grippers are tailored made to meet the individual 

requirements of specific applications. Depending on the application, they can be operated either pneumatically, 

electrically or hydraulically [3]. Regardless of the type and method of operation, grippers must handle parts 

quickly and reliably [4-6]. As Smalcerz states in his work, during pyrometer measurement the temperature of 

the industrial robot arm and particularly the temperature of the gripper fingers (physical contacts) can reach 

more than 70 °C, the adapter did not reach the temperature exceeding 45 °C, and the TCP was heated to 

about 35 °C [7]. 

Not only the tooling, but also the robot itself must meet strict requirements. The following are the most important 

features that can be affected by high temperature and characterize the performance of industrial robots [8]: 

 Repeatability - a measure of precision with which the robot returns to the commanded point. It is  

a very important feature, especially in the situations where small tolerances are required. 

 Accuracy - the measure of error showing how closely the robot can reach a particular point in the working 

space. 

 Reliability - one of the most important features of the robot. It is the reliability that may in some cases 

stop the operation of the whole production plant. 

4. INDUSTRIAL ROBOTS USED IN THE FORGING INDUSTRY 

The manufacturers need a robotic system that could operate in a harsh environment, automate material 

handling for three crankshaft designs, and that features simple programming and maintenance while still 

improving process speed and product quality. 

An excellent demonstration of a robotic forging cell is shown in Figure 2. It is hot forging process of the 

crankshaft of the internal combustion engine of a major producer of passenger cars which is classifies as  

a pressure forming process. For this process, forming die tools are moved towards each other and push the 

material in a specific direction.  
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Figure 2 Industrial robot in the forge of crankshafts [own study] 

It is important to have deep understanding of the processes that need to be automated in order to specify each 

individual task. Therefore, the cooperation of many senior experts from various branches of automation is 

important. These engineers bring important know-how, which ensure the smooth implementation of the 

automated system in compliance with the agreed deadlines and without unnecessarily increasing costs [9].   

  

Figure 3 An individual steps of forming workpiece [own study] 

In general, these individual tasks can be divided into process groups according to the specific complexity and 

solved individually. When solving tasks, the engineers of individual teams face various process challenges, so 

appropriate synergies are used. Typical forging press shop adopting automation can consist of the individual 

routines as shown in Figure 3: 

 Task 1. Furnace heating. The material shaped and cut to the rough dimensions (billet) is heated in the 
furnace to the temperature of 900 ºC to 1100 ºC [10].  

 Task 2. The pre-forming dies forging to get rough shape. Unloading a heated workpiece from the heating 

furnace and transfer it along a given robot trajectory (motion paths) to the forging die. The end effector 

of the robot, which is specially designed for a specific task, grips the heated raw workpiece to be 

processed and transfer it to the forging press in a suitable manner. Movement with the heated workpiece 

should start without hesitation in order to keep the temperature of the workpiece specified in the 

technological plan. As soon as workpiece is prepared at given place, a forging process is ready to start. 

This forging system uses a fully enclosed approach to co-ordinate manufacture flow. The workpiece 
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handling in next steps is achieved by appropriate robots and forging presses arrangement in order to 

handle formed workpiece between each individual press station. 

 Task 3. Forging to first definite forget shape. 

 Task 4. Trimming process. 

 Task 5. Coining process. 

5. CONCLUSION 

Modern metallurgical processes are constantly on the lookout for ways how to improve efficiency, increase 

flexibility and reduce costs. Thanks to the endeavours of the major producers of industrial robots to fulfill the 

needs of the market, a wide range of innovative robots appropriate for heavy operations are currently available. 

More and more applications are suitable for automation, thanks to the experience and rapid robots developing 

of big players in the field of robotics. They bring a new strength, new innovations to guarantee high efficiency 

to every single metallurgical process. The paper presents an overview what is meant by automation and 

robotics in metallurgy and describe a real application case in which the author of this work was directly involved. 
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Abstract  

The authors of the article generalize the results of research of a selected group of Czech industrial companies. 

These companies are founded on the experience of technological transformation in industry as a prerequisite 

for admission to technological chains which demonstrate high measurement accuracy and major changes in 

technological procedures.  

The models of internal economic management are not sufficiently flexible to capture these changes as the 

investments in Industry 4.0 technologies are introduced. The results of investment research showed that the 

software used to manage the economics of the companies has lost its effectivity and needs replacement. One 

method of securing flexibility and continuity with Industry 4.0 dynamics is the application of economic thought 

in economics.  

Keywords: Technological thought in economics, Industry 4.0, industrial and metallurgical companies 

1. INTRODUCTION 

Technological thinking is a fundamental method which transforms ideas into the material form of a specific 

product. We may distinguish between different ideas, such as business and the concept of usefulness and 

function of a product or the concept of an architect or builder. It therefore represents the manufacturability and 

feasibility of the design [1], [2]. We are familiar, as in the case of art, with the concept of a draft in industrial 

technology, i.e. a production drawing, where the size, final shape and a number of other aspects of the whole 

and individual parts are shown [4]. 

This idea is advanced into the technological stage, its result being not only manufacturability but also the order 

of operations required to implement the concept and time required to achieve the final result. This process is 

called the technological procedure and is the economic foundation for transforming engineering drawings into 

production drawing documentation. 

The aim of the article is to draw attention to the findings of industry 4.0 and it’s use to ensure flexibility and 

continuity in the application of economic thinking in the economy. The above-mentioned process is the basis 

for understanding the basic associations in business economics 

The digitalization and automation of business and advanced manufacturing processes is becoming a 

requirement for successful organizations within different industries in order to remain competitive. Industry 4.0 

represents the implementation and usage of technology that is alternating current traditional processes, aiming 

to enhance and improve them. Nowadays, many manufacturers and organizations are successfully 

transitioning to Industry 4.0 by realizing the advantages of digitized manufacturing and adapting highly data-

driven and automated processes, which enable them to deliver improved services and products to customers 

[14]. Yet, the human factor seems not to be considered adequately in the Industry 4.0 processes, as most of 

the research efforts pursue enhanced performances through smarter technologies. Humans are usually only 

considered as consumers of the products and processes seem to work entirely without any human intervention. 
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Various studies mention a lack of considering the human factor in the design-phase of the systems and 

highlight the need to consider it in the system design and to prepare the human operator with adequate skills 

in order to master and sustain the transformation towards Industry 4.0 [10-13]. Neglecting the humans in a 

complex system such as the Industry 4.0 will have impacts on the system performance and the system’s ability 

to function safely and may lead to a complete breakdown of the concept [11]. Therefore, organizations that 

have adopted or are considering implementing the Industry 4.0 concept should consider all aspects, both 

technological and human, in their operations, as employees are the most important factor in these processes. 

1.1. Technological thinking 

Technological thinking is an integral part of business negotiations. The ability to understand and perceive price 

characteristics when calculating costs and real market prices is given by the ability to understand the 

technological process and its cost in the entire technological chain from the raw materials to final consumption. 

This is regardless whether cars, paper, or milk are produced. This also applies to the supply of so-called soft 

areas of the market, mainly services, if they penetrate technological or consumer chains. For the first time in 

2011, Industry 4.0 was used. in Germany, and referred to the 4th goal. To connect the physical and virtual 

worlds in industrial production, which can be consolidated through new technologies. [5]. Figure 1 illustrates 

technological thinking [3,9]. 

 
Figure 1 Technological thinking [4] 

1.2. Economic thinking 

Economic thinking is crucial in the transfer of time and performance characteristics into the final financial 

management process. Industry 4.0 formulates the basic principles of economic affairs of its administration 

contributing to the sustainable development of this industrial revolution and the digital world [7]. The 

fundamental pillar of economic thinking consists of systemic elements mainly involving tax accounting that 

illustrate the conditions and flow of the value processes indicated in balance sheets, profit and loss statements 

and cash flow. The result is a set of indicators which characterize the economic performance of the given 

business subject in relation to the rentability of the property and its liquidity as a tool for financial performance 

and the ability to pay its liabilities. Figure 2 illustrates economic thinking. 
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Figure 2 Economic thinking [4] 

2. RESEARCH RESULTS 

Czech industry consists of a very broad and extensive set of fields, given both by the historical factors in the 

development of Czechoslovakia and the result of a drastic transformation at the turn of the new millennium. 

The search for components which would form a continuous representation of available potential, which is 

located in the "Czech industrial basin”, is a very complicated task. The aims of this monitoring study are as 

follows: 

 Create a background map of the cooperative potential of Czech companies.  

 Generalize the findings of research in potential behaviour and reactions in future cooperation with 
foreign investors. 

 Generalize the findings of the attractivity of Czech engineering potential in terms of transferring the 

technological capacities of major world manufacturers. 

 

Figure 3 Chart of number of employees 
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In terms of employee numbers, the largest group is represented by companies with 25-100 employees. 

Figure 3 shows a graph of the number of employees. The transition to industry 4.0 requires a great deal of 

effort to address the obstacles in the current environment of the organization, these obstacles are addressed 

at the same time for more sustainable resource management [6,8]. 

In the next part of the monitoring research, it was necessary to create a methodological framework, whose 

purpose was mainly as follows: 

 Obtain an overview of production and technological capacity. 

 Create the possibility of comparing the concentration of individual technological groups. 

 Create the possibility of displaying the interconnection of mutually different technological processes. 

The findings of the research are given below: 

Finding 01  

The consequences of low ability of interbranch cooperation manifest mainly in export performance in terms of 

finalizing supplied products, technology and services. The ability to penetrate the market according to the 

degree of complexity of supplies is successfully employed by business and engineering organizations, mainly 

from sources located in the Czech Republic. 

Finding 02  

The automatization of large technological entities in the past 15 years with a high degree of specialization in 

technological devices/single-purpose devices has transformed traditional cooperative connections built on the 

sequence of operations which lead to finalizing a product. 

To fill their capacity, new emerging individual business units which took over ownership of some technologies 

were forced to look for direct foreign sources/direct export without connections to the surrounding areas at the 

expense of work on several production operations or paid work. 

3. CONCLUSION 

The matter of the reciprocal relationship of technological and economic thinking becomes important with the 

ongoing application of Industry 4.0 technology. These technologies not only allow high productivity to be 

attained but also a high level of complexity and process integrity. This requires a change in how the economic 

performance of individual technological units in the technological chain is assessed. Systems of assessing 

performance economically according to economic centres and the processes for creating plans and directly 

calculating performance in relation to the costs of technological operations will undergo significant change in 

the management and decision-making process. The need for much greater synergy between technological 

and economic processes in real time is rising. The findings of the research presented in this article contribute 

to a deeper understanding of these processes.  
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Abstract  

The investments affect the development of enterprises. In the perspective of Industry 4.0, if there were no 

impact of the COVID-19 pandemic on economies, enterprises would continue to realize strong investment 

strategies. Until March 2020, steel enterprises in Poland invested in new technologies, increasing efficiency in 

steel production. Automation of production and automation of the storage in combination with IT technology 

and the Internet of Things change the steel industry in Poland. The combination of operational technology (OT) 

with information technology (IT) is an opportunity for steel industries around the word. One of the field of 

changes is energy management in steel production. Energy reduction can be achieved through active 

monitoring of energy consumption and an intelligent energy management system used in steel production. 

Realized investments until the end of 2019 in the Polish steel industry (the value of investments/ PLN million) 

and the energy intensity in the steel production (toe/tonne of steel) in Poland were used to build econometric 

models. The time series used to build econometric models covered the period from 2000 to 2019. The aim of 

the research was to determine whether the steel industry in Poland saves energy as investment increases, 

with a particular focus on the trend towards Industry 4.0 in recent years.  

Keywords: Steel industry, Poland, investment, energy intensity, econometric model 

1. INTRODUCTION 

Analysis of energy intensity is important in business management. Reducing environmental pollution and 

saving resources are key challenges in today's economy. On the way to sustainability, more and more 

enterprises are trying to use energy more efficiently. Energy efficiency reduces gas emissions and reduces 

production costs in the sustainability of the company. Energy efficiency is the ratio of the obtained results: 

goods and services to consumed energy in analyzed period.  In the steel industry, energy is consumed per 

tonne of steel. EEI - Energy Efficiency Indicator informs about the decrease in energy consumption per unit of 

the product. Energy efficiency is steel industry toward Industry 4.0 is an important topic and new subject of 

research for scientists. Recently, this topic has been published by the authors: Wolniak et al. [1], Florens et al. 

[2], Johansson [3]. Energy efficiency in the Industry 4.0 can be realized through IT- integration of the production 

level with the planning level and further on to customers and suppliers (supply-chains). This IT integration is 

realized by cyber-physical-systems, the whole scenario is (in Germany) known as ‘Industry 4.0’ for some years 

now [4]. Klaus Schwab [5], founder and president of the World Economic Forum, the best known platform for 

the exchange of ideas and views, published a book entitled The Fourth Industrial Revolution, (2016), in which 

he points out the new changes in industry, economy, and society. The key pillars of Industry 4.0 are: IoT, big 

data, cloud computing, advanced simulation, autonomous systems, universal integration, augmented reality, 

additive manufacture and cyber security. The pillars of Industry 4.0 are described in publications: Hermann et 

al. [6], Erboz [7], Saniuk et al. [8]. Industry 4.0 (until the Covid-19 crisis) was heavily promoted by politicians, 

scientists and global capital. The changes that led to Industry 4.0 appeared in recognized companies in such 

industries as: automotive, clothing, shoe production and home appliances. The first initiatives also appeared 

in the steel industry in Poland. Steelworks in Poland use mainly rather simple automated systems in steel 
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production. Automation and modern Industrial Communication Technologies are used on selected production 

sections. The systems are controlling, monitoring and interacting processes in steel production. The work of 

blast furnaces is supervised by IT systems. The equipment in steel mills and rolling mills is partly or fully 

automatic. Huge progress has been made in the field of machine maintenance and management to implement 

Total Productive Maintenance − TPM [9]. Besides steel production in Poland, the first fully automated 

metallurgical warehouses are created in the southern regions in Poland. According to the PwC report [10], the 

metallurgical sector (respondents' opinions) until March 2020 spends around 4 % of annual revenues on new 

investments, while expecting a 3.2 % decrease in costs. In a new reality - the crisis caused by the exclusion 

of economies due to Covid-19 - the steel works will reduce investment expenditure. From March 2020, demand 

for steel is declining. This will continue throughout 2020. In 2020 worldsteel forecasts that steel demand will 

contract by 6.4 % due to the COVID-19 crisis. Steel demand in the developed economies is expected to decline 

by 17.1 % in 2020. In developing countries steel demand (excluding China - Chinese steel demand is expected 

to increase by 1.0 % in 2020) is expected to fall by 11.6 % in 2020. EU steel demand suffered a contraction of 

5.6 % in 2019 due to the sustained manufacturing recession [11]. In Poland, in March 2020, 640,000 tonnes 

of crude steel were produced, 30 % decrease from March 2019.  In the period January-March 2020, steel 

production amounted to 2 thousand tonnes of crude steel (decrease steel production compared to the previous 

year was 19 %) [12]. Investments have been stopped in recent months. The topic of the study is an analysis 

of the correlation between investment expenditures in the Polish steel industry (sector of steel production) and 

energy consumption during steel production.The aim of the analysis is to determine whether energy savings 

are achieved during steel production in the steel industry in Poland as the value of the investment increases. 

The value of the investments (PLN million) - source of data: Statistics Poland - has been made real over time 

taking into account inflation every year. Energy intensity is expressed in the toe/tonne of steel. The time limit 

of the analysis is the period from 2000 to 2019. The result of the analysis are econometric models. Two models 

are presented in the paper: linear model and exponential model with trend. 

2. ENERGY INTENSITY IN STEEL INDUSTRY IN POLAND IN THE PERIOD 2000-2019 

Between 2000 and 2019, the steel industry in Poland produced an average of 9.130 Mt of steel per year. 

Efficiency per employee was 587.8 tonnes of steel. In the trend of steel production in Poland in the analyzed 

time series (N=20) there were periodic fluctuations (seasonal fluctuations) - Figure 1. Since 2003, companies 

in the sector have been using two production processes: BOF (Basic Oxygen Furnace) and EAF (Electric Arc 

Furnace) because OHF technology (Open Hearth Furnaces - the Siemens-Martin process) was definitively 

discontinued in 2002). In the 

period from 2000 to 2019 the 

average annual BOF production 

was 5.200 Mt, EAF 3.880 Mt of 

steel. Over the same period, the 

energy intensity was 0.2320 

toe/tonne of steel. The energy 

intensity in Poland during the 

analysis period was lower than 

the average energy intensity in 

the EU. The average energy 

consumption in the EU was 

0.3120 toe/tonne - Figure 2. 

Presented current energy 

consumption is an introduction to 

further analysis. Data on energy 

consumption in the Polish steel Figure 1 Steel production and energy intensity in Poland [13] 
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industry are used to build econometric models (variable y in models) and the investment value in steel industry 

in Poland in the period from 2000 to 2019 is the variable x in the models - Figure 3. 

 

Figure 2 Energy intensity in steel industry in Poland and in the EU [13-14] 

 

Figure 3 Investment value in Polish steel industry [15] 

3. METHODOLODY AND USED EMPIRICAL DATA  

The following steps have been performed in the analysis: 

1) Obtaining empirical data 

2) Determining Pearson's correlation coefficient 

3) Building econometric models and their presentation 

The analysis of the energy intensity according to the value of investments was carried out on the basis of 

empirical data. Used data is shown in Table 1. 
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Table 1 Empirical data used in the building of econometric models [own study based on 13,15] 

No. Years Discounted Investment 
Value 

(PLN million) 

Cumulative Investion Value  

(PLN million) 

Energy intensity 
(toe/tonne of steel 

production)  

1. 2000 379 379 0.3290 

2. 2001 226 618 0.3280 

3. 2002 159 784 0.3000 

4. 2003 164 928 0.2900 

5. 2004 134 1,074 0.2810 

6. 2005 523 1,609 0.2730 

7. 2006 1,474 3,060 0.2500 

8. 2007 1,940 4,950 0.2220 

9. 2008 1,927 6,910 0.2080 

10. 2009 1,651 8,622 0.1950 

11. 2010 464 8,945 0.1960 

12. 2011 674 9,671 0.1950 

13. 2012 597 10,536 0.2050 

14. 2013 575 11,206 0.2080 

15. 2014 555 11,863 0.1970 

16. 2015 650 12,406 0.1880 

17. 2016 825 13,157 0.1970 

18. 2017 541 14,041 0.1920 

19. 2018 884 14,870 0.1935 

20. 2019 358 15,331 0.1923 

In the first step of modelling, Pearson's correlation coefficient (r) was used. Pearson's correlation coefficient r 

for the impact of investments on the energy intensity was -0.90169. Pearson’s correlation r= -0.9 means that 

there is a strong negative correlation between investments and energy consumption in the Polish steel sector. 

The correlation result between the variables tested: y - energy consumption in steel production (steel energu 

intenisty), x - investments in steel sketor, allowed to realize the next step of research, which was the 

construction of econometric models. In the paper, two models were presented: linear and non-linear. 

4. PRESENTATION OF OBTAINED ECONOMETRIC MODELS 

Obtained models: 

1) Linear model (formula 1) 

y =-8.589�10-6x+0.295                                                                                                                                     (1) 

where:  

y  steel energy intensity (toe/ 1 tonne) 

x  investments (PLN million) 

Cooeficient determinantion for this model was R2=0.8281. Cooeficient determinantion is high, which means 

the model is good fitted. Obtained model informs that realized investments in the steel industry in Poland in 
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the period from 2000 to 2019 affect energy consumption in steel production in the sector. Figure 4 shows 

trends for real and estimated steel energy intensity in Polish steel industry. 

 

Figure 4 Model 1: steel energy intensity in Poland [own study] 

2) Exponential model with trend (formula 2) 

y=-1.2�10-5x-0.019t+0.001 t 2+0.360                                                                                                                (2) 

where:  

y  steel energy intensity (toe/1tonne] 

x  investments (PLN million) 

t  time (years) 

 

Figure 5 Model 2: steel energy intensity in Poland [own study] 

This model is better than first model (R2= 0.9713), the model explains 97 % variability energy intensity through 

investments in steel production in Poland. The model is statistically significant. Obtained model informs that 

increasing investments in the steel industry in Poland by a unit in the following year will result in a decrease in 

unit energy consumption of -1.2�10^-5 toe/tonne of steel for other unchanged factors. In each following year 

energy saving will be of 0.019 for other unchanged factors. Figure 5 shows trends for real and estimated steel 

energy intensity in Polish steel industry. 
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5. CONCLUSION 

The obtained models show that the increase in investment expenditures contributes to the decrease in energy 

consumption in the Polish steel sector. Based on the obtained models, it can be assumed that in the following 

years the increase in investment expenditures in the steel industry in Poland will affect energy savings. The 

situation of reducing steel production, together with the decrease in steel demand during the Covid-19 

pandemic, has a negative impact on the conclusion. Economic crisis disrupts steel production trend (such 

situation was in period 2009-2010). Strong fluctuations in the trend of steel production make it difficult to 

perform the econometric analyses and build statistic models. The decline in steel production during the Covid-

19 crisis can be expected to reduce energy consumption in the steel industry, but unfortunately also to a 

decline in investment expenditures. The expansion strategies realized until March 2020 in the steel industry in 

Poland are being replaced by cost-cutting strategies druring the period of Covid-19. 
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Abstract  

This article explores the options for automating the process involved in shipping metallurgical products. The 

shipping process usually begins with the logistics team entering a request for shipping into the information 

system after production is complete. The team then searches for a contracted transport company, selects the 

least expensive from the available options, creates an order in the system, contacts the selected company, 

and before commencing with shipment, enters the vehicle and driver information into the system. Under the 

desired solution, this entire process would be automated with a web application, with only the driver and vehicle 

information being entered by the transport company.  

Keywords: Metallurgy, steel, logistics, dispatch, digitalization, automation, agile method 

1. INTRODUCTION 

Shipping products is an integral part of the logistics chain of every manufacturing company. The aim of shipping 

is to transport finished products to the customer according to a schedule in an arranged amount and quality 

[1]. In most cases, the manufacturing company uses an external companies for shipping, i.e. a carriers. The 

article examines optimization of the shipping process in which the metallurgical company wants to use several 

carriers and distribute shipments across these carriers effectively in order to minimize transportation costs and 

the time required to organize individual shipments. 

2. PROJECT  

2.1. Project assumptions 

Each project can be grouped according to three basic stages: 

 Pre-project stage (definition); 

 Project stage (commencement, preparation, implementation, and completion); 

 Post-project stage (evaluation, operation). 

The purpose of the pre-project stage is to explore the project’s opportunities and assess its feasibility. In this 

stage, analyses and studies are processed, for example, opportunity or feasibility studies. The purpose of this 

stage is to answer the most important questions and whether to go forward with the project. 

The project stage involves preparation and planning of the project, official commencement, implementation 

and completion. The project’s aims, team and schedule must be clearly defined from its start. As the project 

progresses, its results are compared with the established plan and correctional measures are applied. 

The post-project stage evaluates the new expertise and experience acquired through the project and whether 

it can be applied in subsequent projects. The evaluation does not necessarily aim to seek accountability for 

any problems caused, but how to avoid the same mistakes in the future [2]. 
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2.2. Pre-project stage: Analysis of the current situation 

Experience shows that for a metallurgical company to optimize the shipping costs for its products while 

maintaining quality and schedule, cooperating with several carriers has benefits. These carriers may compete 

for individual shipping orders, and the company can select the best offer. In this case, the shipping costs reflect 

the current market conditions. Defining complex algorithms to update shipping costs, as it would be done with 

long-term and exclusive contracts with carriers, becomes unnecessary [3,4]. 

However, preparing and planning shipping becomes a more demanding process. Each carrier needs to be 

approached separately, the best offer has to be selected, and the winning offer has to be confirmed with the 

carrier.  

Such a process looks like this Figure 1: 

 
Figure 1 Process before automation 

By default, all communication between the company and the carriers is done by e-mail. This entails a large 

number of e-mails which the logistics department must send and process. The entire process is therefore time 

consuming and there is the risk of an e-mail being overlooked and poor evaluation of a tender. The process is 
also very difficult to audit; finding specific information in the communications concerning a past shipment is 

complicated. 

Proposed new solution 

From the description above, it follows that the current process in planning shipments and selecting carriers 

entails many repeated and manual activities and that information about the progress of tenders is not 

sufficiently archived. The company’s management clearly identified a need to digitize the entire process and 

automate repetitive activities.  

The first option available at this company was use of the existing ERP system, in this case, SAP S/4 HANA. 

Analysis of this option revealed that using the SAP system to automate the shipping process was unsuitable, 

for the following reasons: 

 Tendering was not a part of the already implemented logistics modules; 

 The system was not economically beneficial in implementing the specialized module, as the company 

would only make use of a small part of it; 

 A licence would need to be obtained for each carrier; 

 A solution to access the SAP system outside the corporate network would be necessary. 

A needs analysis incorporating the opportunities available to the company was used to create a proposal to 

develop a specialized web application for planning shipments. The main arguments of the solution were as 

follows: 

 The company had an experienced team of web application programmers at its disposal; 
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 The company has already successfully deployed and used web applications for other processes; 

 The core of the already existing application could be used, requiring only the shipment planning process 

itself to be programmed. 

The project goal received from management was, that after the first step when logistics department personnel 

will create the shipment in SAP containing the required information, the remaining part of process will be 

automated, and the web application would then be capable of sending all the required shipment information 

that carriers provide back into the SAP system. 

The design of the digitized and automated process (in green - steps of the process covered by the new 

application) in Figure 2. 

 
Figure 2 Process after automation 

This proposal was submitted to the company's management, who approved it, and a project team and schedule 

were subsequently put together. 

2.3. Project stage: Implementation of the new solution 

Analysis of the most suitable solution indicated that the business team was not certain what this new process 

should look like. This was one reason modern agile methodology was applied to develop the application. The 

entire development process was broken down into smaller components. These parts were presented to users 

and could be modified according to their additional requirements. 

Agile project management is an entirely new trend in managing projects and is currently preferred by many 

companies. To be agile means to be absolutely flexible towards the client, the solution team and other 

participants in the project and the progress of the project. It is important to understand that agility does not 

mean unlimited freedom. Even the most agile management system must have its clear rules. The border 

between agility and chaos is very thin in reality, therefore agility needs to be kept in check. 
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Agile methodology stems from the effort to provide clients with partial outputs as soon as possible. These can 

be used for feedback to make required corrections in subsequent steps leading up to the final output. This 

approach is specifically presented as the agile methodology’s key advantage. The waterfall approach and its 

effort to fixate on the goal right from the beginning of its life cycle of the project is deemed too rigid [5]. 

As expected, the application took two months to develop, one month being dedicated to user testing and tuning 

the process according to requirements. The assumption that the application according to the management’s 

rough requirements would not be successfully developed into a fully functional output upon first attempt proved 

correct. This consideration in the plan allowed a realistic development schedule to be set. 

Testing and implementation 

Final testing experienced no major problems. Because testing was successful, management selected a date 

to launch the application. Following this decision, all users commenced training, carriers were informed of the 

impending changes, and training was also provided for their employees. 

2.4. The post-project stage 

After a month of use of the application, the new process was evaluated, and the time saved by logistics 

personnel was quantified. The compiled results showed that the new automated process helped reduce the 

time needed to plan shipments by over 50 %. 

The commissioned project confirmed that the agile methodology was suitable and established it for use in 

future projects where the output would not possible to define at the outset of the project. 

3. CONCLUSION 

This case study examining automation of the process for shipping metallurgical products highlights several 

important points. Even traditional metallurgical companies can digitize and automate their processes. It does 

not necessarily need to concern main production, but savings in time can be achieved in the processes 

involved in shipping metallurgical products by digitalizing and automating the communications with the 

company’s suppliers and clients. Another point is that incorporating all processes into the main ERP system is 

not always economically beneficial, and that developing a stand-alone application suitably integrated with 

existing systems can be cheaper and also more effective. The agile methodology was verified as a suitable 

approach for similar future projects since it allows the final output to be modified during project development 

and activities be incorporated into the schedule, and thus provides management with a realistic plan. 
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Abstract 

The greatest challenge for the metallurgy industry today is to adapt to the EU’s stricter climate policy. The 

European Commission’s aim to achieve neutral CO2 emissions by 2050 will have a huge impact on the sector. 

The methods of achieving this aim will determine the fate of steel production in Europe. If European policy 

further weakens the competitive position of European smelters by giving preference to producers in China, 

Russia or the USA, the vast majority of production will move from Europe to third world countries. Steel 

companies in the Czech Republic are still attempting to limit the impact of their activities on the environment. 

Billions of crowns invested into reducing emissions from operations in the Moravian-Silesian Region led to a 

significant decrease in harmful emissions into the air. Although the industry is still a major source of pollution, 

its proportion of dust emissions, for example, has declined. The objective of carbon neutrality by 2050 will have 

a major impact on employment and the prosperity of industrial regions. The transformation to carbon-free 

industry entails the need for higher skills and sometimes even complete retraining of employees. The article 

analyzes the present impact of carbon footprint reduction on employment in the industry. The authors also 

predict further development in relation to human resources. The work takes into account external influences 

such as competition, the labor market and labor productivity. 

Keywords: Metallurgy, carbon neutrality, human resources 

1. INTRODUCTION 

The article describes the current circumstances in human resources for the metallurgical industry, which is a 

two-hundred-year old tradition in the Czech Republic and still one of the key branches of manufacturing. The 

adoption of the Paris Agreement and subsequently Carbon Neutrality has created a critical situation on the 

steel market, including a global oversized production capacity, decreasing domestic production. 

The main research question that the article will seek to answer is how carbon neutrality measures will affect 

the employment of the sector. Other research questions may include, for example, what measures need to be 

put in place to avoid a significant loss of workers in the sector. The methodologies used will include a search 

of current professional articles. Further analysis of data on current developments in the metallurgical sector, 

carbon production and unemployment. The data will be compared with each other, put into context and 

conclusions will be drawn from them in the form of recommendations. 

2. CARBON NEUTRALITY 

The Czech Republic and other EU Member States signed the 2016 Paris Agreement to jointly reduce 

greenhouse gas emissions by at least 40 % by 2030 compared to 1990 levels. To this end, in November 2018, 

the European Commission published a draft strategic plan to achieve carbon neutrality in the EU by 2050. The 

Commission declared the strategic plan did not include another new target, but only identified the paths that 

would help the EU reach carbon neutrality within thirty years. The Commission intends to maximize the EU’s 
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contribution in the global effort to limit global temperature rise to 1.5 °C in line with the Paris Agreement [1]. 

However, carbon neutrality requires not only the introduction of further political and regulatory measures and 

the unprecedented transformation of almost all sectors of the economy (i.e. a technological revolution) but also 

a change in society’s thinking and a fundamental shift in consumer behavior patterns. 

Today, the EU emits 9 % of global greenhouse gas emissions, and this proportion will continue to decline as 

developing countries grow richer and their emissions increase (Figure 1) [2]. Industrial processes alone 

account for only 8 % of greenhouse gas emissions in the EU, less than agriculture, energy or transport. 

Therefore, unless other major CO2 emitters, including the US, China and India, adopt similar far-reaching 

measures, it will be impossible to achieve the Paris Agreement objectives. 

 

Figure 1 Territorial emissions in MtCO2 (MtCO2 = 1 million tonnes of CO2) [2] 

A precondition for decarbonization is an unprecedented transformation of Czech industry over the next decade. 

For many industries, low-carbon or carbon-free processes and technologies have not yet been proven. So far, 

they are in their pilot phase or do not exist at all. The deployment of low-carbon technologies, if any, will result 

in an increase in final product costs by 35-100 % for steel, 20-45 % for plastics and 70-115 % for cement, i.e. 
a fatal loss of competitiveness on the global market in all cases. Maintaining today’s production volume of 

steel, chemical products and cement alone in Europe will mean an additional consumption of 710 TWh per 

year [3]. 

Investments into the environment in the Czech Republic are very high: in 1993-2017 they amounted to CZK 

655 billion, of which about 60 % (CZK 403 billion, i.e. 60 %) were invested by industrial companies [4]. Any 

other additional costs associated with decarbonization will be so high that vulnerable sectors will not be able 

to cope, despite various types of subsidies, also while trying to maintain their global competitiveness. Czech 

industry could therefore pay a triple bill in the form of no returns from investments made into environmental 

measures, costs of new technologies and higher operating costs. There is a serious risk that some sectors will 

move to countries outside the EU where they do not charge for emissions and address environmental impact 

only with words, not to mention the social and human rights aspects; paradoxically then, global emissions will 

increase, not decrease [4].  
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3. PRESENT STATE OF THE METALLURGY SECTOR AND ITS HUMAN CAPITAL  

The Czech steel industry is significantly influenced by developments on global and EU steel markets. 

Production in EU countries reached 159.4 million tonnes last year, an 8 % decrease compared to 2018. The 

world's largest steel producer in 2019 was again China, which produced 996.3 million tonnes (an increase of 

8.3 % compared to 2018), which represents more than half of the world's total production. Global crude steel 

production reached 1,869.9 million tonnes in 2019, 3.4 % more than in 2018 [5]. However, crude steel 

production decreased in 2019 in all regions except Asia and the Middle East. Imports to the Czech Republic 

and Europe are at their historically highest levels due to persisting oversized capacity in production in China 

and other emerging countries. 

In terms of human resources, the sector employs approximately 20,000 people directly and tens of thousands 

indirectly in supply companies, services and other related fields. Panorama of the Manufacturing Industry 

annually publishes a summary of all sectors, with an emphasis on economic indicators. The largest decline in 

the number of persons employed was from 2008 to 2009, which corresponds with the time of the Great 

Recession. Since then, the number of people employed has been around 44,000, with an increasing trend 

over the last three years. It should be noted that this indicator includes workers in foundry, basic metals 

manufacturing and metallurgical processing industries (collectively referred to as division CZ-NACE 24) [6]. 

It is interesting to compare the development of sales and labor productivity in the respective sector. Since the 

big drop in 2008 and 2009, both of these indicators have gradually grown, almost reaching the values prior to 

2008, but in 2016, they again fell. One of the reasons for this is the adoption of the Paris Agreement and the 

first efforts of companies to reduce emissions. Although the number of units produced has been steadily 

increasing since 2016, both sales and labor productivity have declined. Basic wages in the industry, however, 

have had the opposite trend and are rising. [7]. Consequently, businesses are incurring large costs for 

innovation, equipment conversion and wages while producing the same quantity of units. Therefore, the 

prediction of the following development is not favorable for people employed in the sector. The expected 

upgrades will allow the production of the same amount of steel with fewer employees, all with the aim of 

reducing wage costs. The first hint at the European level was already seen in the Paris Agreement as early as 

2016, when the number of employees fell to a historical minimum (Figure 2) [8]. Efforts to further reduce or 

even eliminate emissions will entail even higher costs for businesses, which will in turn require even more 

radical reductions of staff numbers. 

 

Figure 2 Employment evolution in Europe [8] 
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Metallurgy in the Czech Republic (CZ) follows the trends of the entire Czech branch of CZ-NACE 24. In 2017, 

15,609 people were employed in the industry, 17,000 in 2018 and 17,800 last year. In Europe, the overall 

greatest employers in the metallurgy sector are Germany (DE), Italy (IT), Poland (PL), followed by Romania 

(RO) and France (FR) (Figure 3). This upward trend in headcount may change sharply in 2020 due to the 

introduction of emission reduction measures, the relocation of production abroad, and the coronavirus 

pandemic, which has had a huge impact on Italy particularly. 

 

Figure 3 Employment by country [8] 

4. ENTERPRISES AND CARBON NEUTRALITY 

Steelmaking has experienced a fundamental transformation over the past two decades. The environmental 

impact of the industry decreased significantly, production now creating a fraction of the dust and other pollutant 

emissions compared to the 1980s and 1990s, and recycled steel is also being increasingly used. Nonetheless, 

businesses will have to face rising costs of emission allowances and a gradual reduction in the number of free 

allowances over the coming years, and, above all, meet carbon neutrality targets. 

The most important Czech metallurgical company TŘINECKÉ ŽELEZÁRNY, a. s. is now a member of the 
strategic forum for solving important projects of common European interest, namely the strategic forum Low 

CO2 emissions Industry. This forum identifies key technologies in the metallurgical, chemical and cement 

industries. Several specific recommendations and areas for financing further research and development have 

been defined. For example, hydrogen or electrical metallurgy, waste recycling and the like. The question is 

whether steel consumers will be willing to accept increased prices for steel products when the current trend is 

the opposite as countries where production takes a higher toll on the environment than in Europe call for 

cheaper steel. Furthermore, a so-called Hydrogen Team is working at the TŘINECKÉ ŽELEZÁRNY, a. s. and 

attempting to implement a technology that produces hydrogen from coke oven gas using PSA (Pressure Swing 

Adsorbtion) technology. Each year, they invest in new greenery to compensate for the carbon footprint. At 

present, almost 40,000 thousand trees are growing on the company plots, binding up 120,000 tonnes of CO2. 

According to preliminary calculations, costs in TŘINECKÉ ŽELEZÁRNY, a. s. will rise by CZK 1.1 to 1.8 billion 

annually in 2030. In the traditional ore-based iron and steel production process, carbon neutrality cannot be 

ensured by the technologies available today [9].  

Another Czech company, Liberty Ostrava a.s. wants to invest approximately CZK 19 billion in its plant over the 

next ten years. Part of the strategic investment will be primarily to build new hybrid technology for steel 

production, which, according to the company, will be the first of its kind in Europe. Rolling mills will also undergo 
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major modernization. The company wants to achieve carbon neutrality by 2030 and also build new hybrid 

technology in 2021-2024 for the production of steel. This will enable the steel works to not only use a higher 

scrap volume and reduce its dependence on imported raw materials but also radically reduce the 

environmental impact of production and increase flexibility by combining pig iron production with electric arc 

furnace technology. The key to the long-term prosperity of Liberty Ostrava a.s. is connection to a very high 

voltage network, which will enable further reduction of CO2 emissions due to a more predominant use of 

electricity at the steel works. Liberty Ostrava a.s. wants to build the necessary connection to this network over 

the next five years [10]. 

5. IMPACT ON METALLURGY 

Efforts to achieve carbon neutrality by 2050 will have a strong negative impact on employment in the metallurgy 

industry and the prosperity of the industrial regions concerned. Today, metallurgical companies are literally 

struggling to survive because of the competition of cheap steel and the cost of modernization.  

Now, quite unexpectedly, the situation not only in this industry has been complicated by the Coronavirus 

pandemic, which has so far necessitated the discontinuation of certain products. The economic crisis, which 

will require major redundancies, is expected to begin [11]. Already the world and the Czech automotive 

industry, the main industrial sector of the Czech Republic and also one of the major customers of the 

metallurgical industry, have been greatly affected. This may also postpone or slow down the carbon-free 

transformation of the industry, although it will not stop it. The change will eventually require higher qualifications 

for employees and sometimes even complete retraining. 

6. RECOMMENDATION 

Several factors could assist in reviving the Czech metallurgy industry. These include [12]: 

 Initiation of rigorous cooperation with state administration and at the governmental level and assistance 

in finding economically and technologically accessible options to gradually transform Czech industry 

and appropriate forms of support; 

 Analysis and expert discussion on electrification of Czech industry and related threats and opportunities 
(building the necessary infrastructure, affordability of clean energy in sufficient quantity, etc.); 

 Maximization of state support, including maximizing compensation for indirect costs for energy-intensive 

industries exposed to carbon leakage; the price of emission allowances has climbed to almost EUR 30 

over the last two years, and the industry is facing several times the cost of purchasing it and being forced 

to buy significantly more expensive electricity, in which the increase in the price of allowances is fully 

reflected. The Czech Republic is almost the only EU industrial country that has not yet introduced 

compensation for these increased costs; 

 Establish circumstances so that Czech and European companies compete under the same conditions, 

whether in the form of a carbon surcharge at the EU border (Border Adjustment Mechanism) or other in 

order to level competitiveness. 

7. CONCLUSION 

The Czech metallurgy industry is not developing well, starting with large costs for modernization associated 

with aiming for carbon neutrality, the cost of emission allowances, and strong competition abroad, especially 

with China, which produces steel at prices that Europe cannot compete with. The current pressure from trade 

unions to continually raise wages establishes a hopeless situation with human resources. Although the number 

of employees in the industry has increased over the past three years, sales and labor productivity have 

declined. Since some companies will literally fight for survival in the coming years, a large outflow of labor in 

this field can be expected. Unfortunately, some companies will not be able to achieve carbon neutrality as a 
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result of unbearable costs and will be forced to cease operating, thus dismissing employees. If some 

companies survive the modernization process, a problem with the qualifications of currently available workers 

will arise. Companies will want to take advantage of state active employment policy measures, such as direct 

retraining and support for employees during rebuilding operations and retraining when they cannot work. 

However, the global and Czech industry is currently affected by the Coronavirus pandemic. The Czech 

Republic had tried to invest and channel sufficient resources into the education system and vocational 

education as well as retrain existing employees in industrial areas affected by carbon neutrality before the 

pandemic, however it was not on a scale large or quick enough. Moreover, it will now need to focus on reducing 

the economic impact of the state of emergency and bringing the economy back to at least pre-pandemic levels. 

It will be interesting to see how Czech measures will fare and whether and when they will focus and support 

measures for carbon neutrality in the Czech metallurgical industry. 
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Abstract  

To ensure the effectiveness of the management of innovation activities, it is important to focus on the 

management of the innovation process and the identification of problems related to it. The innovation process 

begins with the generation of ideas and ends with their commercial use. The innovation process usually 

consists of phases such as generating invention, creating innovation and bringing innovation to the market. 

Recently, the emphasis has been placed on the learning phase, which serves to gather knowledge from 

completed projects and allows their use in the next generation of products. During the management of the 

innovation process in all its phases, problems arise that are important to identify and assign to the individual 

phases of the innovation process, respectively. define a stack of type problems. Identification of problems 

related to the management of the innovation process will be carried out through a questionnaire survey of 60 

innovative companies in the Moravian-Silesian Region and 60 companies in the Silesian Voivodeship, but also 

from a statistical survey focused on the implementation of innovation activities. The aim is to identify differences 

in the approach to the implementation of the innovation process and the nature of the process in selected 

companies. Whether the innovation process is implemented on the basis of set steps resulting from experience 

from past innovation cases, or intuitively, without taking into account past innovation cases. At the same time, 

problems in the innovation process will be identified separately for companies classified according to CZ-NACE 

according to economic activity in the group / 24 / Manufacture of basic metals, metallurgical processing of 

metals, foundry and / 25 / Manufacture of metal structures and metal products, except machinery and 

equipment. Subsequently, they will be compared with other companies in the research sample through cluster 

analysis.  

Keywords: Metallurgy, innovation, innovation process, cluster analysis 

1. INTRODUCTION  

The CZ-NACE 24 and the CZ-NACE 25 branches possess an important place in the manufacturing industry. 

The CZ-NACE 25 includes the manufacture of metal structures and metal products and is an important supplier 

of components for the assembly of finished products and equipment for companies operating in the 

engineering and automotive industries. The CZ-NACE 25 includes the production of metal products, while the 

material input to this branch is traditional metal semi-finished products produced in the CZ-NACE 24 branch. 

The given branch focuses on the production of basic metals, metallurgical processing of metals, and foundry. 

The steel industry in the Czech Republic, but also in the whole of Europe, is fighting for viability. Businesses 

in the metallurgical industry are well aware that without investment in research, development, and innovation, 

they will not be competitive and will disappear. The results of the statistical survey on innovation activities for 

the period 2016-2018 for enterprises belonging to CZ-NACE 24 and 25 showed that 49 % of enterprises 

innovate and 51 % do not. The most important market for companies implementing innovation activities is the 

national market (51.7 %). They mainly implement process innovations (22.2 %). Innovative processes are 

mainly developed in-house. At the same time, the implementation of innovation activities is associated with 
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effective management, respectively with the management of individual steps of the innovation process. When 

managing the innovation process, problems arise. It is necessary to identify and assign them to the individual 

phases of the innovation process and then try to eliminate them. There are no statistical data on the nature of 

the innovation process and problems [1]. 

The paper aims to evaluate the innovation process, including obstacles in the implementation and identification 

of problems within the innovation process. Data for evaluation are obtained based on the author´s research 

survey on a research sample of innovative companies in the Moravian-Silesian Region (MSR - 60) and the 

Silesian Voivodeship (60). At the same time, the research samples will include enterprises belonging to NACE 

24 (Manufacture of basic metals, metallurgical processing, foundry) and 25 (Manufacture of fabricated metal 

products, except machinery and equipment) and will be evaluated based on selected criteria against other 

enterprises in research. sample. Also, based on the cluster analysis, differences like the innovation process 

will be defined, including the identification of the problem between companies belonging to sectors 24 and 25 

compared to other companies in the research sample, especially for the Moravian-Silesian Region and Silesian 

Voivodeship. 

2. THEORETICAL AND METHODOLOGICAL BACKGROUND  

The innovation process begins with the generation of ideas and ends with their commercial use [2,4]. The 

defined phases of the innovation process are similar for most authors [3-6]. This is usually the phase of 

generating invention, creating innovation, and bringing innovation to the market. However, for the authors Tidd 

and Bessant [7], the innovation process also includes a learning phase, which serves to gather knowledge 

from completed projects and allows their use in the next generation of products. The description of activities 

related to the management of the innovation process will be based on the definition of the innovation process 

according to the authors Tidd and Bessant [7]. 

To map the nature of the innovation process and to identify problems, research survey is carried out through 

a questionnaire. The research survey is focused on a selected sample of innovative enterprises (MSR 60 + 

SV 60), while from each sample the enterprises belonging to the NACE 24 and 25 branches are defined and 

compared with other enterprises in the sample. Cluster analysis is used to compare the results between 

enterprises belonging to NACE 24 and 25 and other enterprises in the research sample. 

Cluster analysis can be applied to the examination of multidimensional data to classify a set of objects into 

several relatively homogeneous subsets, namely clusters [8,9]. Objects inside clusters should be as similar as 

possible and objects belonging to different clusters as different as possible. The basic rule for creating object 

clusters is the similarity between objects. For its measurements, an appropriate correlation measure, distance 

measure, or association measure can be used. Correlation and distance measures are used mainly for ratio 

data, while association measures are intended more for enumerated (nominal) data. Common measures of 

distance include Euclidean distance, Euclidean distance square, Manhattan distance (Hamming metric), 

generalized Minkovian metric, chord distance, and Mahalanobis metric. Common clustering methods include: 

nearest neighbour method - the clustering pair is selected according to the smallest distance; farthest 

neighbour method - the pair for clustering is selected according to the greatest distance; average distance 

method - based on the average distance of all objects in the 1st cluster to all objects in the 2nd cluster and 

Ward's method - in each step the increment of the sum of squares of deviations, created by merging them, is 

calculated for all pairs of deviations, and then the clusters are combined, which corresponds to the minimum 

value of this increment. Clustering by this method can be represented using a binary tree, a dendrogram. 

3. RESULTS 

Based on the research on a sample of innovative companies in the Moravian-Silesian Region (60) and the 

Silesian Voivodeship (60), it was found that even though both regions are economically and culturally similar, 
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there are differences in the way they develop innovative products and processes, in barriers and used 

innovation management models. On the contrary, in both regions, innovations play a crucial role in the 

corporate philosophy and mainly technical and product innovations are implemented. At the same time, 

enterprises belonging to NACE sectors 24 and 25 were singled out in the research samples and were 

evaluated based on selected criteria against other enterprises in the sample and compared through cluster 

analysis. 

3.1. Evaluation of enterprises in NACE 24 and 25 based on selected criteria  

The evaluation of Czech and Polish enterprises belonging to NACE 24 and 25 was carried out with regard to 

5 criteria, namely the method of product development, obstacles in the implementation of the innovation 

process, the method of innovation, the nature of the innovation process, including the steps of innovation, see 

Table 1. 

Table 1 Evaluation of enterprises in CZ-NACE 24 and 25 and in PL-NACE 24 and 25 

Research 
sample 

Product 
development 
method 

Obstacles  Way of innovation 
implementation 

The character 
of the 
innovation 
process 

Procedural steps 
of the innovation 
process 

Branches 
CZ-NACE 24 
and 25 

Own research 
and development 
(57 %) 

Shortage of 
employees 
(61 %) 

Innovations are 
implemented on the 
basis of procedural 
steps (66 %) 

Formalized 
innovation 
process (66 %) 

Survey (75 %),  

choice (64 %), 
implementation 
(70 %), learning 
(40 %). 

Total 
research 
sample 

Own research 
and development 
(75 %) 

Shortage of 
employees 
(79 %) 

Innovations are 
implemented on the 
basis of procedural 
steps (79 %) 

Formalized 
innovation 
process (83 %) 

Survey (76 %),  

choice (55 %), 
implementation 
(76 %), learning 
(50 %). 

Branches 
PL- NACE 
24 and 25 

Own research 
and development 
(69 %) 

Low return on 
investment 
(80 %) 

Innovations are 
implemented on the 
basis of procedural 
steps (79 %) 

Formalized 
innovation 
process (83 %) 

Survey (88 %),  

choice (76 %), 
implementation 
(89 %), learning 
(23 %). 

Total 
research 
sample 

Cooperation with 
research 
institutions (43 %) 

Lack of 
finance 
(77 %) 

Innovations are 
implemented in 

Non-formalized 
innovation 
process (77 %) 

Survey (83 %),  

choice (53 %), 
implementation 
(94 %), learning 
(5 %). 

Source: own research 

The evaluation shows that Czech companies in the CZ-NACE 24 and 25 sectors are implemented in the same 

way as other companies in the research sample, mainly on the basis of their own research and development, 

and the main obstacle to the implementation of innovations is staff shortages. At the same time, innovations 

are implemented on the basis of procedural steps and the innovation process has a formalized character. It 

was also found that less weight for learning from the innovation process is placed in enterprises in CZ-NACE 

24 and 25 than in enterprises in the total research sample. In contrast, for enterprises in PL-NACE 24 and 25, 

differences were found in all evaluation criteria compared to other enterprises in the sample. Polish companies 

in the PL-NACE sector implement innovations mainly on the basis of their own research and development, the 

main obstacles include low investment return, innovations are implemented on the basis of steps, the 

innovation process is formalized and they place more emphasis on the learning phase within the innovation 

process than other enterprises in the sample. In contrast, for other Polish companies in the sample, innovations 
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are implemented on the basis of cooperation with research institutions, the main obstacle to the implementation 

of innovations is the lack of funding, innovations are implemented intuitively and the innovation process is 

informalized. 

Based on the research survey, the problems that most often appear in individual phases of the innovation 

process (research, choice, implementation, learning) were also identified, see Table 2. 

Table 2 Problems in individual phases of the innovation process 

Research 

sample 
Problems in individual phases of the innovation process 

Survey problems Problems with selection Problems with 

implementation 

Problems with learning 

CZ-NACE 

24 and 25 

No innovation 
forecasting (47 %), 

lack of data to map 
the environment 

(39 %) 

Lack of funding for 
implementation (21 %), 

lack of knowledge for 
selection (20 %) 

Long-term 
implementation 

(56 %), lack of 
employee experience 

(38 %) 

No routines for the 
innovation process (39 %), 

no formalized steps (20 %) 

Total 

research 

sample 

Lack of knowledge 

from market 
research (46 %), bad 

market research 
(33 %) 

Insufficient demand 

(48 %), lack of workers 
(41 %) 

Long-term 

implementation 
(48 %), lack of 

employee experience 
(45 %) 

No evaluation of the steps 

implementation (28 %). No 
evaluation of the 

implementation of 
innovation (28 %) 

PL-NACE 

24 and 25 

No forecasting of 
innovations (78 %), 

lack of data to map 
the environment 

(76 %) 

Lack of funding for 
implementation (80 %), 

insufficient technical 
background (48 %) 

Low product 
profitability (79 %), 

long-term 
implementation 

(57 %) 

No evaluation of the 
implementation of 

innovation (89 %), no 
routines for the innovation 

process (69 %) 

Total 

research 

sample 

No innovation 
forecasting (82 %), 
bad market research 

(68 %) 

Insufficient demand 
(73 %), lack of funding 
for implementation 

(70 %), 

Low product 
profitability (86 %), no 
customer interest 

(54 %) 

No evaluation of the 
implementation of 
innovation (71 %), no 

routines for the innovation 
process (66 %) 

Source: own research 

When identifying problems in individual phases of the innovation process for companies in CZ-NACE 24 and 

25, the main problem in the survey phase is the lack of forecasting, in the decision-making phase the problem 

is lack of funds, in the implementation phase the main problem is long-term implementation and in the learning 

phase the problem of non-existent routines for the innovation process. The same identified problems were 

found for enterprises in the PL-NACE sector in the survey phase and the decision selection phase. The 

differences are in the implementation phase, where the main problem is low product profitability and in the 

learning phase, where the main problem is the lack of evaluation of innovation implementation. At the same 

time, there are differences in identifying problems for enterprises in the NACE sector, both in the Czech 

Republic and in Poland, compared to other enterprises in research samples. 

3.2. Comparison of enterprises in NACE 24 and 25 with other enterprises in the research sample  

The comparison of enterprises in NACE 24 and 25 with other enterprises in the research sample is performed 

through cluster analysis. Within the cluster analysis, two criteria were used: the principle of the method of 

implementation of the innovation process, which can be implemented intuitively or based on formalized 

process steps, and then the existing problems in the individual phases of the innovation process. The cluster 

analysis was carried out separately for enterprises in CZ-NACE 24 and 25 to other enterprises in MSR, see 

Figure 1, and for enterprises in PL-NACE to other enterprises in Silesian Voivodeship, see Figure 2. The 

obtained results are captured using dendrograms. 
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Figure 1 Dendrogram for CZ-NACE 24 and 25 and 

other enterprises in the research sample  

Figure 2 Dendrogram for PL-NACE 24 and 25 and 

other enterprises in the research sample 

In the dendrogram, see Figure 1, two clusters are created (one of them is always marked by hatching). The 

first cluster consists of enterprises from CZ-NACE 25 and all other enterprises in MSR without enterprises in 

CZ-NACE 24. The following characteristics are common to this cluster: lack of staff, lack of knowledge from 

marketing research, insufficient demand, long-term implementation of innovations, and the problem consisting 

in the evaluation of innovations. The second cluster consists only of enterprises in the CZ-NACE 24 sector. 

Common characteristics for this cluster include problem in forecasting innovation, lack of funding for 

implementation, the problem with employee experience, non-existent routines for innovation. 

Two clusters are created in the dendrogram, see Figure 2. The first cluster consists of companies from PL-

NACE 24 and 25. The following characteristics are common to this cluster: the highest obstacle in the 

innovation process is the return on investment, they focus on formalizing the innovation process, they have 

their department of research and development in companies. The second cluster consists of all other 

enterprises in the Silesian Voivodeship except for enterprises in the PL-NACE 24 and 25 sectors. The main 

common characteristics include the problem of lack of innovation forecasting, low product profitability, and 

non-existent knowledge base. 

4. CONCLUSIONS 

Branches CZ-NACE 24 and CZ-NACE 25 are technologically interconnected. Concerning the technologies 

used, they are part of the MEDIUM LOW-TECH sector. This research survey was carried out, based on 

obtained primary data on innovative enterprises in the Moravian-Silesian Region and the Silesian Voivodeship, 

including enterprises from NACE 24 and 25 in the Czech Republic and Poland. There was an appreciation of 

enterprises in CZ-NACE 24 and 25 against other enterprises in the Moravian-Silesian Region and an 

appreciation of enterprises in PL-NACE 24 and 25 against other enterprises in Silesian Voivodeship 

concerning five criteria: method of product development, obstacles, method of implementation innovation, the 

nature of the innovation process and the steps of the innovation process. It was found that the nature of the 

criteria for enterprises in CZ-NACE 24 and 25 is the same as the nature of the criteria for other enterprises in 

MSR. In contrast, the nature of the criteria for enterprises in the PL-NACE sector is different from the nature 

of the criteria for other enterprises in the Silesian Voivodeship. At the same time, the main problems within the 

individual phases of the innovation process for companies in the CZ-NACE sector were identified, namely: 
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there is no forecasting of innovations, lack of funds for implementation, long-term implementation, non-existent 

routines for the innovation process. The main problems were also identified for companies in the PL-NACE 

sector, namely: there is no forecasting of innovations, there is a lack of funds for implementation, low 

profitability of the product, there is a lack of evaluation of the implementation of innovations. Subsequently, 

enterprises in the NACE 24 and 25 sectors were compared with other enterprises, especially for the Moravian-

Silesian Region and the Silesian Voivodeship using cluster analysis. The results obtained vary from country 

to country and are captured using dendrograms. 
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Abstract 

In the paper there are summarized basic analytical and empirical pieces of knowledge on searching 

dependences of the influence of thermal process during steel casting in the continuous casting of semi-finished 

products - slabs, on their quality assessment and as well the influence of thermal processes on the quality of 

final products rolled of slabs. The course of thermal processes at continuous steel casting has the significant 

impact on the quality of slabs. The assessment of the quality of slabs during continuous steel casting is an 

inseparable part of the information system of a metallurgical plant. This assessment works on the data 

collection and storing the necessary data for an effective assessment between measured and qualitative 

quantities. The paper describes the proposal of the concept of quality slab prediction. There are statistical 

methods used for this purpose, especially association rules and logistic regression. On the basis of use of the 

system for monitoring the casting parameters and the application of statistical methods, association rules for 

prediction of quality of continuously cast slabs were determined.  

Keywords: Metallurgy, continuous casting of steel, slab, association rules, logistic regression 

1. INTRODUCTION 

Thermal processes in a slab taking place during its passing through the complete facility of the continuous 

steel casting (hereinafter referred to as “CSC” only) present a complex multi component thermal, 

thermodynamic, hydrodynamic and thermo-mechanical system. The knowledge about it and the solution 

require an interdisciplinary approach which is impossible without the use of monitoring system [1] of casting 

parameters and various mathematical models [2,10]. From the off-line version to the on-line version, where 

the entry data, taken directly from specific CSC, serve for the calculation and imagining of the slab thermal 

field at any moment and any place in the course of passing through the casting machine. Today, the technical 

level of these models is, thanks to the modern hardware, at the development stage allowing the calculation 

and the presentation of results of the thermal processes to be in line with the real process in the given CSC. 

An example of such a thermal model, working in real time, is the thermal model developed at VŠB TU Ostrava 

[3] and VUT Brno [4]. Within research of the thermal slab field, during the solidification and the development 

of the software solution of the thermal model of slab solidification and cooling, there has been the theory of the 

solution described in detail. When setting up the numerical model of the not stationary thermal slab field, we 

had to settle the difficult definition of surrounding conditions. It was described, for the sake of simplicity, by the 

Fourier-Kirchhoff equation. In the programming way, the thermal numerical model was set up with the 

utilization of the network method (final differences) [5]. 

When we resolve complex thermal processes taking place in the cast slab, we have to start with their 

characteristic parameters, which must be clearly defined and given into connection with the quality parameters 

of the cast slabs and, then even sheets rolled out of these slabs. They are measurable parameters with the 
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possibility of numerical or graphical imagining of their trends. Basically, they are all measured temperatures, 

including the temperature of cooling media, the flow values, cooling media pressures as well as the values of 

a number of thermal quantities calculated on-line by the thermal model. It is also possible to list the factors 

having the effect vicariously on the thermal processes. They are specifically the casting speed, which 

influences the shape and the length of the liquid slab core, the diagonal slab movements and its deformation, 

bulging, the fluctuation of the chemical steel and casting powder compositions, the fluctuation of the steel level 

in the mould, the crystallographer oscillation, etc. However, in addition to these parameters, there are also 

other non-measurable CSC parameters existing, which influence the slab quality. For example, we can talk 

about the steel flow in the solidifying slab at the interface of a liquid phase - mushy zone and mushy zone - 

and the solid phase. 

The objective of the research works has been the establishment of the quality dependency on technological 

casting values. It means the dependency when the prescribed value of a specific parameter is breached and 

a specific kind of defect occurs in the slab. We have to say that when analysing the dependencies of the quality 

parameters on indicators of thermal processes, there are only few clear, simple and direct results. It means 

finding “just one nonstandard indicator the slab defect”. Frequently, there is a complex of reasons leading to 

non-quality faulty slab production. 

Another objective was to establish the dependency of occurrence of defects in the rolled sheets on specific 

defects in the slab. 

When we resolved the mentioned issue, we utilized statistical methods in the course of data processing of the 

annual CSC production. We tipped off the most important parameters and determined limits of exceeding or 

not reaching of which should indicate the relevant defect kind. This gave us a set of simple association rules, 

i.e., if the determined parameter limit is breached, then a defect occurs. This is a common principle in the 

prediction systems [6]. Similarly, there were dependencies of the slab defect determined, then the defect in 

the sheet. These rules were established especially on the basis of experience of CSC technologists. The 

utilization of data and the statistical methods was just the supporting means. 

There are modern methods of artificial intelligence, based on gained knowledge from data (the so-called data 

mining) serving in the prediction of specific defect kinds, according to the complex of breached parameters. It 

is the method of the logistic regression [7] and the method of neuron nets [8], fuzzy neuron nets [9] respectively. 

2. SET UP OF ASSOCIATION PRODUCTION RULES 

The assessment of the slab quality in facilities of continuous steel casting makes a part of the information 

system in the metallurgical plant. This system usually works with all data accessible from CSC processes. The 

parts of the system are the data recording and filtration, their classification, saving in the relational database 

system, the data aggregation and their graphic interpretation. Thus, the precondition for the data filtration is 

created, while the necessary data aggregation serves the statistical processing. The aggregation is necessary 

for simplification of the works and for the handling a huge number of data. It shows that the data aggregation 

from one meter of the cast slab is purposeful enough and satisfactory. There was a matrix of independent 

variables prepared for the data processing - of the technological parameters and dependable variables - the 

slab defects. Within the research, we selected steel parameters, parameters of the casting and of the casting 

machine, which relate to the temperature losses in the slab in CSC. They can have their effects on the quality 

of cast slabs characterized by the shape of their macrostructures, but especially by the occurrence or lack of 

defects.  

In the course of the research, we progressively utilized the following basic statistical methods for the melt 

assessment and analysis and the sequence: the descriptive statistics of measured values, frequency 

histograms, data filtration and cleaning, correlation analysis, linear regression, quadratic regression, 

classification tables, and the association rules. 
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With the use of the above-mentioned statistical methods, 20 parameters were tipped off for which association 

prediction rules were set up. For the review and parameter, examples with the set up limits for the controls 

workers see Table 1. 

Table 1 The set up of the prediction values for the controls by workers 

 

These rules were then interpreted for the information system. For each parameter it is possible to display a 

graph with limits. For example see Figure 1. 

 
Figure 1 Graphic interpretation of the casting parameters and the prediction rules 

3. THE PREDICTION WITH THE AID OF THE LOGIT MODEL 

Within the research works, the logistic regression was tested. The principle is the setup of a formula based on 

data predicting a defect with some probability: for the phenomenon prediction - that a certain selected defect 

in the material would occur, the statistical method of the logistic regression was used. The principle of this 

method7 was based on the estimated values of the regressive coefficients in the logistic regression model 

having the following form 
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Where  P(V)  is the defect probability V (1), 

 bj - regression coefficients, j = 0, 1, 2,..., n, 

 Xj - predictors - the independent variables (features), j = 1, 2,..., n, 

 n - the number of predictors (1). 

Unlike the method of the smallest squares, which is used for the estimation of the middle value of regression 

coefficients in the linear regression model, the method of the maximal trustworthiness is used for the estimation 

of regression coefficients in the logistic regression model. It provides the most probable values of the 

regression coefficients. The logistic regression model is the non-linear model and thus the statistical software 

SPSS7 was used, where the method of the logistic regression at the disposal is suitable for solving the 

prediction of defects in materials. 

The interpretation of the results of the logistic regression is illustrated in the following example of the simplest 

logistic model with single (dichotomist) regressors. For better illustration, imagine that the repressors x means 

the existence of the defect risk. The explained variable Y means the presence of the defect sign. The frequency 

of the observed situations could be entered into the table with four fields, see Table 2.  

Table 2 Table with the four fields 

Risk / Defect X = 1 X = 0 Sum 

Y = 1 a b a + b 

Y = 0 c d c + d 

Sum a + c b + d n 

The association ratio of normal values (the odds ratio) is calculated by the formula OR = (a x d)/(b x c). 

The ability of the above-described method of the logistic regression to predict defects in slabs was tested on 

an extensive set of real production data. The example used the real but adjusted and statistically treated 

production data from the total of 8 601 slabs produced in the period of about half a year. Each slab was 

assigned with the numerical average values of twenty predictors marked X1, X2, ..., X20, in the model (1), (2) 
n = 20. The values of predictors present the values measured in the slab during the production process (their 

overview is in Table 3).  

Table 3 Overview of predictors 

X1. Steel overheating (ºC) X11. Heat flux, MR (W·m-2) 

X2. Casting speed (m·min-1) X12. Heat flux, VR (W·m-2) 

X3. Acceleration (m·min-2) X13. Oscillation KR (min-1) 

X4. Weight in the tundish (Kg) X14. Water flow in the secondary cooling, zone Z1 (l·min-1) 

X5. t in the mould, PB (ºC) X15. Water flow in the secondary cooling, zone Z1s (l·min-1) 

X6. t in the mould, PB (ºC) X16. Water flow in the secondary cooling, zone Z2 (l·min-1) 

X7. t in the mould, MR (ºC) X17. Water flow in the secondary cooling, zone Z3 (l·min-1) 

X8. t in the mould, VR (ºC) X18. Water flow in the secondary cooling, zone Z4i (l·min-1) 

X9. Heat flux, PB (W·m-2) X19. Water flow in the secondary cooling, zone Z4a (l·min-1) 

X10. Heat flux, LB (W·m-2) X20. Water flow in the secondary cooling, zone Z5 (l·min-1) 

Apart from that, for each slab, if the monitored defect V (cracks) occurred and that is expressed with the values 

1 or 0 (1 = defect has occurred, 0 = the defect had not occurred). 
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The output from the SPSS software, where the values of all regression coefficients assigned to the relevant 

predictors, including the level constant, i.e., the regression coefficient b0, give us the statistically important 

coefficients (on the basis of the Wald’s test): X1, X3, X7, X11, X14, X15, X16, X18, and X20. 

The entering the predictor values for a specific slab into (1) and then to (2) gives us defect occurrence V 

probability p for the product. Comparison of the probability p with the decision-making line p = 0.5 we decide 

on the prediction value. If we repeat this process for all 8 601 semi-products, we get all predicted values which 

we compare with the actual occurrence of the monitored defect V.  

In the relevant prediction model (1), (2) the formula (2) has got the form 

201615

1411731

0.004·+0.003·+0.030·+

0.017·-11.384·+2.118·-1.914·-0.049·- 8.664- = 

XXX

XXXXXZ 
                                               (3) 

The classification ability of the model coming out of the software SPSS is in Table 4. 

Table 4 The output from the SPSS software: Classification table for the  

             decision-making (cut) limit 0.5. 

  Predicted    

   V  % correct 

Observed  0 1   

V 0 3871 1264 75.4% 

  1 1495 1971 56.9% 

Overall Percentage  72.1%    60.8% 67.9%  

This way of identifying the logistic regression model is called, in the SPSS software, the “Enter Method”. The 

classification table clearly suggests that the prediction characteristics of the model are not ideal. While the 

model predicts correctly in the situation of no defect occurrence - 75.4% products, there are 56.9% slabs 

predicted correctly when the defect occurs. 

The above-presented example clearly shows that the method of association rules and the logistic regression 

is useful for the considered issue of the prediction of defect presence in materials. In order to use the method 

on the specific issue of predicting the defect presence in produced slabs, we would need more in depth going 

analysis of the logistic regression model with the focus on other metallurgical characteristics of the continuous 

slab casting process, their possible mutual relations 

4. CONCLUSION 

The results of statistical analyses and the graphic presentation of the parameters in the course of casting, 

together with the assessment of slabs and sheets’ quality, were utilized for the operating assessment and the 

production management. CSC workers have the chance to look for trends of individual deviations by sequence 

and to see differences compared with the previous sequences. The system allows for the monitoring of more 

than 100 values. There are association rules in the form of prediction limits set in the system. These are 

monitored by the workers of the quality management. 

The results of the process analysing the course of melts are reflected in the set up limits, the so-called limit 

values. Their exceeding or not achieving indicates the breaches in the optimal course of casting. The workers 

in the department of the organization and the technical management utilize, for this purpose, a screen in the 

form of a table in the information system of the steelworks. These tables are created by the steel qualities. 

When the set limits are exceeded, the workers inspect the slabs or reassign them for other orders, see Table 1 
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and Figure 1. The exceeding of the set limits was marked by the highlight background. The slab inspection 

uses also visual control of the slab surface, or after the control firing. 
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Abstract 

The resilient supplier management is a crucial part of the resilient supply chain management. The topic 

becomes very urgent due to the increasing number of disruptions, which appears in today’s global and 

turbulent business environment. The paper presents a literature review of the resilient supplier management 

approaches and practical experiences with their implementation in the metallurgical industry. The aim of the 

paper is to define the research and practice gap, i.e. identify the state of the art in that field, compare it with 

practice and propose the directions for further research. 

Keywords: Supplier management, resilience, metallurgical suppliers 

1. INTRODUCTION 

In today's closely interconnected global economy, traditional management practices that rely on "steady state" 

conditions are exposed to chaotic external pressures and turbulent changes. The world has experienced 

several catastrophic events in the recent past, including a global economic collapse, a volcanic eruption in 

Iceland, an oil spill in the Gulf of Mexico, a catastrophic tsunami, a power outage in Japan, and political 

upheavals in Africa and the Middle East. Managing the risk of an uncertain future is a challenge that requires 

resilience - the ability to survive, adapt and grow in the face of turbulent change. 

Global supply chains are growing in length as well as complexity and are increasingly experiencing unexpected 

turbulence [1]. A worldwide survey of multinational enterprises found that at least one major disruption had 

occurred in 85 % of enterprises in the previous year [2]. Therefore, large companies need approaches and 

methodologies for crisis management within their complex supply chains. For example, the earthquake and 

tsunami on March 11th, 2011 in Japan and the ensuing nuclear crisis caused an estimated $ 195 billion to $ 

305 billion in damages [3]. The loss of 20 % of the national power grid due to decommissioning the nuclear 

power plant caused Toyota's production to fall by 40,000 vehicles, costing the company $ 72 million a day [4]. 

Japanese carmakers' stock prices fell to 9.5 % in the first few days, Toyota shares lost more than 17 % of their 

value over the next month, and total car sales in Japan fell to a 34-year minimal value [5]. The immediate and 

lasting effects of this natural disaster and the consequent disruption of the supply chain have raised concerns 

about the resilience of the entire supply chain. 

The aim of the paper is to define the research and practice gap, i.e. identify the state of the art in that field, 

compare it with practice and propose the directions for further research. 

2. RESILIENT SUPPLIER 

Enterprises cannot control volatile and uncertain externalities but can create a system of flexible response for 

these cases. As individual threats multiply, resilience becomes a key factor. For this reason, enterprises differ 

in their preparedness for unexpected but fundamental events and shocks. 
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The meaning of the English noun "resilience" is the basis for the definition of a resilient supplier. The Oxford 

Dictionary lists two basic meanings of the word: 

 the ability of a substance or object to return to its original state after a change = flexibility, 

 the ability to recover quickly from problems = toughness. 

Some scientists have defined resilience as the ability of a system to recover from disruption [6,7]. Maklan and 

Jüttner [8] argue that risk management and knowledge management have an impact on resilience. Haimes [9] 

suggested that the definition of resilience should refer to the ability to withstand disruption and recovery within 

a reasonable time and cost. Holcomb and Ponomarov [10] suggested that logistical capacity is related to 

resilience. Coordination and integration skills can improve the ability to face disruptions. The definition of 

resilience with regard to Allenby and Fink [11] and Pregenzer [12] emphasises the system's ability to maintain 

its function in the event of a disaster. Based on a systematic literature search, Hosseini et al. [13] identified 

four areas of resilient enterprise:  

 organisational area, 

 social area, 

 economic area, 

 technological area. 

Papadopoulos et al. [14] emphasised the role of rapid confidence-building, public-private partnerships and the 

quality of information sharing in promoting supply chain resilience. 

3. RESILIENT SUPPLIER MANAGEMENT APPROACHES 

Supplier management is an important issue in a resilient supply chain and day-to-day business operations. It 

is considered to be one of the strategic activities of enterprises [15] and a difficult and complex process [16]. 

In the 1990s, scientists began studying supplier management from new perspectives. They focused on the 

selection of sustainable and resilient suppliers, and therefore, the criteria considered in the standard selection 

process changed accordingly. However, researchers have not come to an agreement on the criteria for 

selecting resilient suppliers. Vugrin et al. [17] defines resilience from the perspective of disruption prevention 

and post-termination recovery and believes that resilience includes absorption, adaptive and regenerative 

capabilities. Baek et al. [18] argued that flexibility is the driving force behind a resilient supply chain, while 

Tamvakis et al. [19] emphasises the role of transport. Rajesh and Ravi [20] considered that the key factors to 

consider when choosing resilient suppliers were: vulnerability, cooperation, risk awareness and supply chain 

continuity management.  

A very interesting article published in the Harvard Business Review [21] shows the following: 

 Today's management toolkit is dominated by financial performance management. As a result, very few 
companies are able to explicitly design, measure and manage resilience; 

 Companies and shareholders often focus on maximising short-term returns. In contrast, resilience 

requires a multi-level perspective: giving up a certain amount of revenue or performance today for more 

sustainable performance in the future; 

 Companies mainly focus on creating and implementing stable plans, which works well when causal 

relationships are clear, predictable, and unchanging. Resilience deals with what is unknown, variable, 

unpredictable and unlikely - and therefore has significant consequences; 

 In the current corporate capitalism model, every company is considered an economic island that requires 
individual optimisation. While this simplifies governance and accountability, it masks the extent of 

economic and social interdependence between the various stakeholders. In contrast, resilience is a 

feature of systems: the resilience of individual companies does not mean much if their supply base, 

customer base or the social systems which they depend on are disrupted. 
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For this reason, resilience management requires more than just grafting new ideas or tools onto today's 

approaches. It requires a fundamentally different mental business model - a model that includes complexity, 

uncertainty, interdependence, system thinking and a multi-level perspective. 

Of course, many companies already implement some form of risk management - but mostly to understand and 

minimise exposure to specific known risks. Approaches to increase the resilience of suppliers to known risks 

include in particular: 

 Business Continuity Planning (BCP), 

 Failure Mode and Effects Analysis (FMEA), 

 a set of ISO standards, particularly ISO 9001, ISO 14001, ISO 45001, ISO 13485, 

 IATF Standard 16949, 

 Hazard Analysis and Critical Control Points (HACCP), 

 a set of VDA standards. 

Resilience must also deal with unidentified risks and must take the adaptations and transformations into 

account that company must make in order to absorb the business environment burden and even turn it to an 

advantage. The situation is much more complicated in this area. Currently, there are not many approaches 

that address this issue. The closest to detecting unpredictable risks is BCP and FMEA. 

4. PRACTICE FROM THE METALLURGICAL SUPPLIERS' PERSPECTIVE 

From the information above it is clear that in order for supply chains to increase their resilience, they need to 

address: 

 working with generally known risks and implementing existing approaches, 

 rapid implementation of measures responding to newly identified risks and disruptions - as soon as 
unpredictable complications occur, the risk is no longer unknown and everything needs to be well 

analysed and, if required, the necessary measures implemented, 

 even risks with significant impacts that are not particularly predictable. 

The experience of the article's authors from working with metallurgical suppliers has shown that many activities 

are only implemented in part. The results of a number of supplier audits revealed failures in the basic principles 

of operation of general approaches. For example, suppliers claim that quality is their number one priority, that 

they have a system of continuous improvement in place, but unfortunately the reality does not correspond to 

this. This is not just about ignoring established systems or inconsistencies and human error. One of the main 

reasons is the disproportionate pressure to minimise costs. Therefore, suppliers employ less experienced 

workers in order to reduce labour costs as much as possible. This is not the only problem. In an effort to reduce 

costs or to achieve promised deadlines, suppliers also reduce quality costs associated with, for example, 

continuous independent quality verification (audits or even measurements). These are only considered 

approaches that are to strengthen the suppliers' resilience based on solutions to known risks.  

Another problem is the excessive sophistication of some approaches and the pressure to implement them. 

Large companies, especially in the automotive industry, are pushing their suppliers to implement wide-ranging 

approaches that often overwhelm suppliers unnecessarily. For large companies, there are large departments 

that have the necessary capacity and experience to solve the activities. However, the situation is different for 

medium and smaller companies, which are deeper in the supply chain. Furthermore, unfortunately, it is often 

the case that no one deals with the added value of these measures. Last but not least, there is the problem 

that in an effort to please their management, company managers implement measures that the company does 

not need at all. This is often the case with managers who come from the automotive industry and are used to 

certain standards. However, they do not realise that in the metallurgical industry given approaches are not 

required. 
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Unfortunately, from practical experience there is only a very small percentage of suppliers in the metallurgical 

industry that have implemented a BCP. Once businesses have implemented it, they usually only address 

common risks such as fire. 

5. RESEARCH AND PRACTICE GAP 

Based on the authors' literature search and practical experience, the following fundamental research and 

practical gaps can be identified in the field of resistance management of metallurgical suppliers: 

 There is a lack of consistency in implementing basic measures that lead to eliminating commonly known 

risks and strengthening suppliers' resilience; 

 There is no simple methodology that would work with individual suppliers and try to continuously improve 

their resilience. Instead, overly sophisticated solutions are applied for which suppliers either do not have 

the necessary capacity or knowledge; 

 Closely related to the previous point is the fact that the added value of individual measures is not 
evaluated; 

 Mutually advantageous supplier-customer relationships are not observed. There is disproportionate 

pressure on suppliers, which ultimately does not bring the necessary results; 

 There are not many approaches on how to manage a supplier's resilience to unpredictable risks; 

 Suppliers' resistance to unforeseeable risks is not addressed in an appropriate way. 

6. CONCLUSION 

The defined research and practical gap clearly indicate the need to find new approaches to managing supplier 

resilience within the metallurgical industry. Therefore, the authors' further research will focus on the 

development of a methodology for managing the supplier resilience, mainly focusing on medium-sized 

metallurgical suppliers. The methodology will include a series of activities that need to be implemented with 

the supplier in order to increase its resilience. The methodology will include a description of: 

 what requirements will be placed on the experience of the staff who have to deal with the given activities 

at the supplier and in the company itself, 

 how to proceed regularly and consistently when implementing the given activities, 

 how to regularly evaluate the obtained data and how to work with them further (both at the supplier and 

at the company's own industrial enterprise), 

 how to regularly monitor and evaluate the added value of implemented activities. 
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Abstract 

Due to the constant growth of the copper industry, the increase in production costs and complexity in the 

composition of the feed of the production processes that make up the industry, the analysis of alternatives that 

improve efficiency by studying the dynamics of the processes represents a significant cost reduction. Then, 

the generation of analytical models that represent the dynamic behaviour of production processes has the 

potential to contribute to generating a better understanding of the operating parameters that have a greater 

impact on the response (s), in addition to identifying operating restrictions and optimal levels of operation. The 

present work developed a digital model of the SAG milling process by generating multiple regression and 

quadratic regression models. The relationships between 22 operational variables with production in tons per 

hour were sampled, and after analysing the impact of the independent variables on the response, water 

feeding, sump level, percentage of solids in feeding, pebbles and hardness were maintained for fit the 

analytical models. The multiple linear regression model presents a good fit to the operational data (85.4 %); 

however, the inclusion of the interactions and the quadratic effects of the variables increases the coefficient of 

determination (93.2 %). 

Keywords: SAG milling, modelling, mineral processing, mathematical models 

1. INTRODUCTION 

There is constant growth in the copper industry and production has been increasing in recent years [1], 

increasing from 20 million tons in 2017 to 21 (rounded) in 2018, while a more recent report generated by the 

International Copper Study Group [2] indicates that since 1900, the production of copper minerals worldwide 

has grown an average of 3.2 % per year, reaching 20.6 million tons in 2018, with an increase in the production 

of concentrates of 31.5 % and solvent-electrodeposition extraction in 19.5 % [3]. Chile is the main producer of 

copper worldwide with a 29 % participation and with 23 % of the reserves of this commodity [4]. Within the 

national territory there are 3,817 copper mineral deposits [5], where their exploitation represents 91.1 % of the 

composition of exports by the mining market in 2019 [4]. 

Copper oxides that are processed by hydrometallurgy are increasingly scarce in Chile (Copper oxides will 

decrease from 30.8 % in 2015 to 12 % in 2027), while copper sulphides are more abundant [6]. On fact, 39.2 % 

of fine copper production occurs through the hydrometallurgical processes, while the majority of production 

(60.8 %) is by flotation processes. A report by Chilean Copper Commission, COCHILCO (by its acronym in 

Spanish) [6] proposes a constant increase in the production of copper concentrates in Chile, where it‘s 

indicated that from 2014 to 2026 it will almost double, being 88 % of the national mining production, which 

means an increase from 3.9 to 5.4 million tons of concentrate. However, flotation processes generate large 
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environmental liabilities, such as tailings dams [1]. It is estimated that, in the country, for each ton of Cu 

obtained by flotation processes, 151 tons of tailings are generated [6]. Currently, there are 92 mining 

operations defined as mining environmental liabilities, a decrease of these deposits year-to-year is expected 

[7]. 

On the planet most of the copper minerals correspond to sulphides and a minor part to oxides [8]. The mining 

industry has traditionally operated in two ways, pyrometallurgy if it is sulphided minerals, composed by the 

flotation, smelting and electro-refining processes. While in the hydrometallurgical processes, it has worked 

mainly with oxidized minerals, composed by the leaching, solvent extraction and electro-extraction processes 

[9]. Both working mechanisms have proven to be profitable in industry, however pyrometallurgy has the main 

disadvantage of making SO2 emissions into the atmosphere, generating serious environmental problems [10]. 

As part of the sulphide mineral processing, the comminution process is a key stage, since it is where most of 

the energy invested for process the mineral is concentrated [11]. Then, the SAG milling process consists of 

reducing the size of the particles through the use of large rotating equipment or cylindrical mills, where water 

is added to the mineralized material in sufficient quantities to form a milky fluid, and the reagents necessary 

for carry out downstream processes. 

Considering the above, the analysis of alternatives that improve the efficiency of production processes involves 

significant reduction in costs, considering the difficult situation facing the industry, where contractions are 

occurring worldwide as a result of the contingency [12]. Operational planning that considers the leaching of 

both oxidized and sulphide (secondary) minerals could improve efficiency in the use of resources, decreasing 

the average production costs and increase the productivity. 

2. MATERIALS AND METHODS 

Regression analyzes are part of statistics that investigate the relationship between two or more variables 

related in a non-deterministic way [13]. Simple linear regression analyzes relate a single independent variable 

to a response variable, while multiple linear regression analyzes allow the generation of a linear model in which 

the value of the dependent variable or response (Y) is determined from a set of independent variables called 

regressors (X1,X2,X3...). Then, multiple linear regression models are an extension of simple linear regression 

and multiple non-linear regression models incorporate the interaction and curvature of independent variables. 

Multiple regression models can be used to predict the value of the dependent variable, to evaluate the influence 

that predictors have on it (the latter must be analyzed with caution in order not to misinterpret cause-effect) or 

to optimize the response bounded to the sampling domain [15-17]. 

Multiple regression models can be expressed as presented in equation (1). 

Y = �β0+ ∑ βiXi
n
i=1 + ∑ ∑ βijXiXj

n
j=1

n
i=1 � +ei     (1)

where: 

β0 - ordinate at the origin 

Y - dependent variable 

X - independent variables 

ei - residual or error, the difference between the observed value and estimated by the model 

The database used in this research comes from a plant that processes copper sulphide minerals, collected 

with hourly frequency. The period March-August 2019 was sampled, and 23 variables were measured, 

including the response studied (production in tons per hour, TpH). 
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3. DEVELOPMENT OF ANALYTICAL MODELS 

The use of mathematical models as 

instruments for evaluating alternatives 

and modelling of complex processes is 

becoming increasingly important in the 

field of engineering, with an increasingly 

relevant role as an aid in decision-making 

in the management of mineral 

processing. A total of 23 operational 

variables and parameters were sampled, 

those that include the speed and 

pressure of the mill, power, water feeding, 

soluble copper grade, carbonate grade, 

percentage of solids in the feed, mineral 

hardness, sump level, granulometry, 

pebbles, liner age, among others process 

parameters such as critical noise or 

control variables of the feeders. Then, 

filtering variables and/or parameters that 

don’t have a direct relationship with the 

response, the sample size is deficient or tends to remain constant, the principal explanatory variables chosen 

for mathematical modelling are shown in Figure 1 (water in feeding, sump level, hardness, solids in feeding 

and pebbles), while the distributions of these explanatory variables is presented in Figure 2. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

Figure 2 Distributions of the operational variables water feeding (a), sump level (b), mineral hardness in the 

feeding (c), solid percentage in feeding (d) and pebbles in TpH (e) 

Figure 1 Correlation plot of the operational variables of the 

SAG milling process 
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The correlation plot shown in Figure 1 indicate a high linear correlation between water feeding and the 

response (Production in TpH), while that don’t exist a linear correlation between the hardness and solids in 

feeding variables with production. The distribution of explanatory variables (see Figure 2) indicates that water 

feed to SAG mill has a normal distribution with a mean of 1351 m3/h approximately, sump level has a negative 

skew distribution with a mean of 89 m3/h, hardness has a positive skew distribution with a mean of 35, solids 

percentage in feeding has a negative skew distribution with a mean of 72 % and finally, pebbles has a positive 

skew distribution with a mean of 409 TpH. 

After the analysis of correlations shown in Figure 1, multiple regression models and quadratic regression 

models are generated. Then, the fitting of multiple regression model to represent the dynamics of the SAG 

milling process presents good indicators of goodness of fit. The model presents a good fit (R2 = 85.4 %) and 

all the variables considered are significant (p <0.05, see Table 1) under the set of sampled values, while the 

F statistic is 2.429×106. 

Table 1 Results of the multiple linear regression model 

 Factor coefficient t p-value 

Intercept -1.12E+04 -2790.923 0.000 

Water in feeding 2.3977 4124.138 0.000 

Sump level 0.2694 19.334 0.000 

Hardness 3.0049 74.947 0.000 

Solids in feeding 156.4508 3177.553 0.000 

Pebbles 0.0593 86.812 0.000 

In addition to the adjustment of the multiple linear regression model presented in Table 1, a quadratic 

regression model is developed, incorporating the effects of interaction and curvature of the variables 

considered in the model presented in Table 2. The quadratic model indicates that the interactions water in 

feeding with sump level and solid in feeding are significant, in addition to the interaction solids in feeding with 

pebbles, contribute to explain the response variable. On the other hand, the curvature of the variables water 

and solids in feeding also contribute to explain the response. The quadratic model presents a better fit than 

the model linear (R2 = 93.2 %) and the statistic p-value (<0.05, see Table 2), both of each of the parameters 

that make up the model, and the aggregate model, validates it. The F statistic is 5.745×106. 

Table 2 Results of the adjustment of the quadratic regression model 

 Factor coefficient t p-value 

Intercept 21790 605.781 0.000 

Water in feeding -4.5608 -426.139 0.000 

Sump level -0.1481 -3.512 0.000 

Hardness 1.3239 51.931 0.000 

Solids in feeding -639.2631 -693.913 0.000 

Pebbles -0.4342 -44.098 0.000 

Water in feeding × Sump level 0.0001 4.349 0.000 

Water in feeding × Solids in feeding 0.103 800.718 0.000 

Solids in feeding × Pebble 0.006 43.724 0.000 

Water in feeding2 -0.0001 -113.391 0.000 

Solids in feeding2 4.632 759.521 0.000 
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Finally, the response surface designs for the quadratic model based on the independent variables indicate that 

production increases at high levels of solids and water in feeding (see Figure 3.a), at high feed of pebbles in 

TpH (see Figure 3.b), and low sump levels (see Figure 3.b). 

 

(a) 

 

(b) 

Figure 3 Response surface plots for production versus water and solids in feeding (a), and sump and 

pebbles level in TpH (b) 

4. CONCLUSIONS 

The mineral deposits are usually heterogeneous, which forces the production phase to evolve over time. In 

this research, the modelling of the dynamics of the SAG grinding system was considered, for which the impact 

of 22 operating variables on production in tons per hour was evaluated. The correlation between the variables 

was studied, filtering the variables that have a greater impact on the response, which are pressure, mill speed, 

percentage of solids in the feed, mineral hardness, and sump level. Multiple linear regression model and a 

quadratic model were generated, which represented significant adjustments to the sampled domain, with R2 

values of 85.4 % and 93.2 %, respectively. Multiple regression models prove to be a powerful tool in modelling 
the studied system, in addition to presenting the potential of using optimization algorithms to calculate the 

values that maximize the response. 

Finally, the dynamics of the SAG milling process could be modelled, simulated, and optimized using 

conventional statistical models [18], machine learning techniques [19], Bayesian networks [20] or discrete 

event simulation framework [21]. 
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Abstract 

Sustainable development goals (SDGs) adopted by all United Nations Member States in 2015 provide an 

opportunity for the metallurgical and mining industry to create value for both their business and society. The 

aim of the paper is to analyze the SDGs preferences in the metallurgical and mining industry and identify those 

SDGs that companies from that industry promised to follow. The multi-criteria decision-making method 

PROMETHEE and the GAIA plane were used as the methodological base for analysis of input data from United 

Nations Global Compact database. The results show main differences in declared SDGs preferences among 

Europe, America, Asia, and Africa.  

Keywords: Sustainable development goals, metallurgical and mining industry, PROMETHEE method, GAIA 

plane 

1. INTRODUCTION 

Customers, investors, governmental and non-governmental organizations, employees, and other stakeholders 

are increasing their demands for the continuous development of corporate sustainability, thereby increasing 

the pressure to implement sustainable corporate strategy. As a result, this concept is becoming key for many 

companies. In the metallurgical and mining industries, this trend is further supported by their high 

environmental and social impacts. One of the basic tools of corporate sustainability is regular and systematic 

reporting. Currently, companies are beginning to report their sustainability performance in accordance with 

The 2030 Agenda for Sustainable Development by the United Nations. The Sustainable Development Goals 

(SDGs) adopted by all United Nations Member States in 2015 are one of the key elements of this plan. The 

subject of the paper is the analysis of the SDGs preferences in the metallurgical and mining industry. The aim 

of the paper is to analyze the SDGs preferences in the metallurgical and mining industry and identify those 

SDGs that companies from that industry promised to follow. The paper studies how these preferences differ 

across Europe, America, Asia, and Africa. PROMETHEE method and the GAIA plane were used as the 

methodological base for meeting the aim. 

2. LITERATURE REVIEW 

Corporate Sustainability refers to a company’s activities - voluntary by definition - demonstrating the inclusion 

of social and environmental concerns in business operations and in interactions with stakeholders [1]. Lo and 

Sheu [2] found that companies are rewarded in the market for taking economic as well as environmental and 

social concerns into their developing strategies. It confirms the finding that the corporate sustainability concept 

is also base of modern value-increasing strategies of industrial corporations. 
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The sustainability concept alone is rather old and was for the first time comprehensively presented in ‘Our 

Common Future’ report by the World Commission on Environment and Development (Brundtland Commission) 

in 1987 [3]. This report introduced three dimensions of sustainability: economic growth, environmental 

protection, and social equality. This concept was further developed into the Triple Bottom Line (TBL) concept 

[4], which attempts to treat all the three dimensions of sustainability with equal importance and thus could be 

considered an integrative theory of sustainability [5]. 

The implementation of a corporate sustainable strategy goes hand in hand with the reporting. The percentage 

of the companies in the S&P 500 Index publishing their sustainability report increased from 20 % in 2011 to 

86 % in 2018 [6]. One of the current trends is to report in accordance with The 2030 Agenda for Sustainable 

Development which contains 17 SDGs. 

The 17 SDGs are the world's plan to build a sustainable planet by 2030. Adopted by all United Nations Member 

States in 2015, the SDGs are a call for action by all countries to promote prosperity while protecting the 

environment [7]: (1) No poverty, (2) Zero hunger, (3) Good health and well-being, (4) Quality education, (5) 

Gender equality, (6) Clean water and sanitation, (7) Affordable and clean energy, (8) Decent work and 

economic growth, (9) Industry, innovation and infrastructure, (10) Reduced inequalities, (11) Sustainable cities 

and communities, (12) Responsible consumption and production, (13) Climate action, (14) Life below water, 

(15) Life on land, (16) Peace, justice and strong institutions, (17) Partnerships for the goals. 

3. METHODOLOGICAL BASE 

The family of PROMETHEE methods belongs to the outranking multi-criteria decision-making (MCDM) 

methods, which are based on special outranking relations. The original PROMETHEE algorithm introduced by 

[8] aims to solve the ranking problems (to get the ranking of alternatives). Then, this original algorithm has 

been extended to address also other types of MCDM problems, including the clustering [9] and visualization 

of alternatives’ profiles via the GAIA plane [10].  

The main motivation, why to use the PROMETHEE methods in general, is their excellent traceability, 

computational simplicity, and available graphical outputs with visualized results. Further, we describe only the 

part of methodology, which is necessary for analysis of the alternatives’ profile and their visualization in the 

GAIA plane. 

Let us assume the problem with � criteria and � alternatives. The aim of the analysis is to explore the patterns 

in performances of the alternatives in terms of the criteria (whether similarities or differences). The algorithm 

can be split into the following 3 steps: 

 All the ordered � ⋅ �� 	 1� pairs are pairwisely compared in terms of each criterion. This is done using 

the preference function ���� (non-decreasing function with the range �0; 1� and ���� � 0 for � � 0), 

which assigns the so called preference degree ���� , ��� to the difference in performances of the 

alternatives � and � (for all the pairs of alternatives) in terms of the �-th criterion ([8] introduced 6 

standardized types of the preference functions);  

 The preference degrees ���� , ��� are aggregated into the so called unicriterion flow for the �-th criterion 

using (1). Thus, at the end of this step, each alternative is described by the �-dimensional vector of the 

unicriterion flows ���� � ������, … , �!����;  

���� � 1� 	 1 " �����, ��� 	 ���� , �����#� , � � 1, … , �, � � 1, … , �,           (1) 

 To obtain the visualizable representation of the alternatives and criteria in the so called GAIA plane, the 

Principle Component Analysis (PCA) must be applied to the vectors of unicriterion flows from the 
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previous step. This method reduces the number of dimensions and provides the projection of the system 

onto the plane. According to [10], the quality of the projection in the GAIA plane is good enough, if the 

plane displays at least 80 %. In the GAIA plane, each criterion is represented as the vector going from 

the origin of the coordinate system and each alternative is given as the point. The mutual position of the 

alternatives and criteria provides important information about the modelled problem - patterns of 

alternatives’ performances and dependencies between criteria can be revealed in this way. The 

following rules for the interpretation of the GAIA plane hold: (1) alternatives lying in a similar direction 

from the origin have a similar performance profile (and vice versa), (2) when an alternative lies in a 

similar direction as a criterion, this alternative performs well in the given criterion (and other way around, 

an alternative performs poorly in terms of a criterion lying in an opposite direction from the origin), (3) 

the longer a vector of criterion is, the greater distinguishing power this criterion has for the problem. The 

so called GAIA action profiles can be derived from the GAIA plan. The action profile stems from the 

GAIA plane, but displays also the values of unicriterion net flows of the alternative ($��%)). The action 

profile uses the bar chart where values above the axis mean that this flow is positive, and thus the 

alternative performs better in general than the others in terms of this criterion, and vice versa. 

4. INPUT DATA 

The input data for the study were taken from the United Nations (UN) Global Compact database [11]. The 

database provides sustainability information about almost 14,500 participants from 155 countries around the 

world. The participants are divided into 20 sectors and 42 sub-sectors. The study is based on the Basic 

Resources sector and Industrial Metals & Mining sub-sector, which contains 118 active participants. Each 

participant should submit to the database the Communication on Progress (COP), which includes answer to 

the following question: “Which of the following Sustainable Development Goals (SDGs) do the activities 

described in your COP address?”. In this way, companies declare which SDGs they follow. In the studied 

sector, 90 companies provided answers to this question. The binary values were obtained on this basis. 

The division of companies in terms of continents is as follows: Europe - 45 companies (50.00 %), Asia - 22 

companies (24.44 %), America - 19 companies (21.11 %), Africa - 3 companies (3.33 %), and Australia - 1 

company (1.11 %). This shows that the number of companies from Africa is not statistically significant enough, 

which must be considered when interpreting the results. As Australia is represented by only one company, it 

was excluded from the analysis. 

To get the performance values for the continents, the arithmetic mean of binary values was used, i.e. the 

relative frequency with which the companies in the particular continent follows the given SDG (e.g., the value 

of 0.5 means that half of companies in the continent follows the SDG and the second half not). The resulting 

input data are provided in Table 1. 

Table 1 Input data for PROMETHEE method and GAIA plane 

Continent / SDG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Africa 1.00 0.33 0.67 1.00 1.00 0.33 0.33 1.00 0.33 0.33 0.33 0.33 0.33 0.00 0.67 0.67 0.00 

America 0.47 0.26 0.68 0.79 0.53 0.89 0.47 0.95 0.63 0.47 0.58 0.47 0.68 0.26 0.74 0.63 0.47 

Asia 0.64 0.55 0.86 0.82 0.82 0.82 0.86 0.77 0.77 0.55 0.68 0.91 0.82 0.36 0.64 0.68 0.64 

Europe 0.18 0.07 0.56 0.44 0.40 0.42 0.44 0.69 0.62 0.27 0.31 0.69 0.56 0.16 0.38 0.40 0.51 

5. RESULTS 

The results were obtained using Visual PROMETHEE software. As for the types of preference functions 

suitable for this analysis, the situation is rather complicated because no justified reason, how to decide what 
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values of differences in performances should be considered negligible (or absolutely important), exists. 

Therefore, we decided to follow [12] and use the Gaussian preference function described as 

���� � 1 	 exp �	�)/2,)�, � � 1, … , �, (2) 

with the parameter , equal to the standard deviation of all alternatives’ performances in terms of the �-th 

criterion. 

Analysis of the frequency of occurrence of individual SDGs shows that metallurgical and mining industry 

worldwide prefer to follow next SDGs: 8 Decent work and economic growth, 12 Responsible consumption and 

production, 3 Good health and well-being, 9 Industry, innovation and infrastructure, and 13 Climate action. On 

the contrary, the following SDGs are followed the least often: 14 Life below water, 2 Zero hunger, 1 No poverty, 

10 Reduced inequalities, and 11 Sustainable cities and communities. 

Figure 1 shows the GAIA plane for studied input data. Quality of the GAIA projection is 88.5 %, which 

guarantees reliable results. Africa, Asia and Europe (alternatives) are situated in different quadrants, America 

is located near to the center of the plane. This means that the companies from individual continents tend to 

follow very different SDGs (criteria), which are represented by the blue vectors in the plane (only Asia and 

America have at least some similarities in patterns of behavior). 

 

Figure 1 GAIA plane 

Figure 2 shows the GAIA action profiles. These profiles are based on the unicriterion flows ���� (1) and allow 

to compare one continent with all other ones. 
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Figure 2 GAIA action profiles 

Compared to all other continents: 

 African metallurgical and mining industry prefers more often to follow: 1 No poverty, 5 Gender equality, 
8 Decent work and economic growth, 4 Quality education, 16 Peace, justice and strong institutions, 15 

Life on land, and 2 Zero hunger; 

 American metallurgical and mining industry prefers most often to follow the majority of the SDGs: 6 

Clean water and sanitation, 15 Life on land, 8 Decent work and economic growth, 11 Sustainable cities 

and communities, 10 Reduced inequalities, 14 Life below water, 13 Climate action, 17 Partnerships for 

the goals, 9 Industry, innovation and infrastructure, 4 Quality education, and 16 Peace, justice and 

strong institutions;  

 Asian metallurgical and mining industry prefers more often to follow all the SDSs except: 8 Decent work 
and economic growth and 15 Life on land; 

 European metallurgical and mining industry prefers more often to follow: 17 Partnerships for the goals, 

12 Responsible consumption and production, and 9 Industry, innovation and infrastructure. 

6. CONCLUSIONS 

Worldwide SDGs preferences reflect the character of the metallurgical and mining industry. It is a very capital-

intensive industry (8 Decent work and economic growth), it requires large row materials and energy resources 

(12 Responsible consumption and production), it belongs to the larger employers, but with a high risk of injury 

(3 Good health and well-being), it needs huge technological and ecological investments for its prosperity (9 

Industry, innovation and infrastructure), and it is one of the biggest polluters (13 Climate action). 

However, the study shows that there are relatively high differences in preferences across the continents. In 

our opinion, it reflects the basic economic continent conditions. This is most evident in the case of African 

metallurgical and mining industry. Compared to the rest of the world the industry prefers more often existential 

SDGs related to poverty, hunger, peace, education and economic growth. On the contrary, the economically 

more developed rest of the world prefers more often SGDs like 17 Partnerships for the goals, 9 Industry, 

innovation and infrastructure, 13 Climate action, 14 Life below water (see GAIA action profile “Africa versus 

other continents” in Figure 2). 
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Abstract 

Basicity is one of the key chemical criteria in evaluating the properties of ore raw materials. The alkaline 

character of the blast furnace charge affects the efficiency of the iron production process in the blast furnace. 

The basicity of the raw ore material also affects the cost of the process, which may require additional basic 

additives. However, raw ore materials can be evaluated according to a range of criteria, which may be physical, 

chemical, economic or technological in character. In each category, many other criteria can be identified. 

Metallurgical companies have long endured problems in selecting suitable raw ore types and other input 

sources. Complications generally arise because of the wide spectrum of criteria, but also their varying 

character, which is difficult to uniformly assess. The range of criteria can be evaluated in categorically different 

units, which is then difficult to compare at an overall level. The significance and influence of basicity in relation 

to other key criteria in assessing ores was experimentally assessed in this research. The overall quality of the 

selected ores was also assessed under this task. Ore quality was analysed according to key criteria, which 

vary in character. Research was conducted at the company TŘINECKÉ ŽELEZÁRNY, a.s. The article 

discusses the results of research on the significance of basicity in the assessment criteria structure for ores 

and demonstrates the possibility of assessing ores using mathematical tools. 

Keywords: Basicity, ore, evaluation, costs, blast furnace, process 

1. INTRODUCTION 

The blast furnace charge consists of fuel, metallic raw materials and slag-forming additives in a mutual ratio 

that guarantees the result of a certain amount of pig iron with the required chemical properties. The purpose 

of the fuel is to supply the blast furnace with the required amount of heat and reducing agent, carburize the 

iron until it is saturated, and create a solid structure in the lower part of the blast furnace to support the flow of 

gas through the charge at temperatures which soften and gradually melt the ores [1]. The metallic component 

introduces a sufficient amount of iron in the form of oxides into the blast furnace. The main elements of the 

metallic component are agglomerate, pellets, or chunks of ore; the ferrous output or residue from steel 

processes can also be processed. Slag-forming additives are compounds whose purpose is to remove 

unreduced oxides and sulphur from the blast furnace in the form of slag with certain chemical and physical 

properties [1]. Limestone or dolomite are frequently used materials. 

The greatest portion of the slag-forming additives is added to the agglomeration charge and enters the blast 

furnace process as agglomerate. A significantly smaller portion of elements that operatively compensate for 

the alkalinity of the agglomerate and all other raw materials are supplied directly to the blast furnace.       

In the Czech Republic, raw ore materials from nearby deposits such as Ukraine or Russia have been used for 

a long time. Ores from these areas are generally characterized by a higher iron content but also contain a 

greater amount of impurities which are predominantly acidic in composition. When these ores are processed 
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in a blast furnace, a sufficient quantity of alkaline additives is required to balance the overall ratio of acidic and 

alkaline substances. 

The article assesses the significance of basicity in the criteria system which aids us in assessing blast furnace 

raw materials. The research employed multi-criteria decision-making tools to compare the significance of the 

assessed criteria. The significance of basicity was also verified in an assessment of overall ore quality. 

Processed data concerning the quality of raw ore materials were obtained for the research from the company 

TŘINECKÉ ŽELEZÁRNY, a.s.       

2. PROBLEM FORMULATION 

The blast furnace’s input raw materials can be assessed according to a number of criteria. They can be 

classified according to their similarity into several groups. One possible definition of the categories is as follows 

[modified 2]:  

a) Chemical properties 

The primary content is iron and certain impurities (S, P, Zn, Pb, Zn, As, Na2O, K2O). Other important properties 

include the degree of iron oxidation and alkalinity. The metal content of the ore from any given site can range 

between 45 - 70 % [3]. Highly rated deposits are characterized by an average iron content of 65 % [4]. 

b) Physical properties  

Physical properties include moisture content, lumpiness, density, porosity and magnetic properties. Physical 

properties can significantly affect not only the technological aspect of the process but also its final cost, i.e. the 

cost of the produced iron. In this regard, high moisture, porosity (H2O content), or inhomogeneity of material 

lumpiness are factors. 

c) Technological properties 

Technological properties significantly affect the effectiveness of the technological process. Strength is the first 

important property of ore materials. Strength is measured by performing a standardized tumbler test. During 

rotation, the material is abraded against the bottom of a drum and other parts. The resistance/tumbler index 

of the ore is then measured according to the proportion of ore grains whose size is greater than 6.3 mm. The 

abrasion index is also determined according to the percentage of grains smaller than 0.5 mm. After the tumbler 

test, the material is sorted on certified sieves, and the percentage of materials of these dimensions is 

determined. The second important technological property is the ore’s reducibility. This property determines the 

rate of conversion of the material’s iron ore content into metal by a reducing agent. The key parameter in 

reducibility is the change in mass of the reduced sample over a defined period as a result of the transition of 

oxygen from a solid to gaseous state. The third important group is thermoplastic properties. These are the 

temperatures which begin to soften ore and the temperatures when softening ends. The difference between 

these temperatures can be called the softening interval. Measurement consists in loading the ore sample while 

increasing heat. For production in the blast furnace to be technologically effective, it is important that the 

softening temperature of the ore is kept as high as possible while maintaining a slightly below the temperature 

when softening ends [2].   

From the given list of ore properties, it is evident that only relevant parameters are necessary to consider in 

an assessment. A significant criterion is basicity, which is key to creating the blast furnace slag. We can 

measure basicity as the proportion of acidic and alkaline components. In this regard, we can define basicity as 

either narrow or wide. Narrow basicity is the ratio of the dominant alkaline and acidic components  

(Equation 1). 
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Broad basicity includes other compounds, for example MgO, Al2O3 (Equation 2). 

2

2 2 3

CaO MgO
B

SiO Al O





                                                                                                                            (2) 

The target alkaline compounds are therefore CaO and MgO, and the acidic compounds are SiO2 and Al2O3. If 

we convert the alkaline components to one side of the equation in Equations 1 and 2, we obtain the total 
amount of alkaline ingredients (Equations 3, 4). 

1 2CaO B SiO �
                                                                                                                              (3) 

 2 2 2 3CaO MgO B SiO Al O  
                                                                                                               (4) 

If we subtract the alkaline and acidic components (Equations 5, 6), we obtain the total amount of free bases. 

This can be defined as an excess or deficiency of alkaline components in the feedstock for the blast furnace 

process.  

1 2,mm mRO CaO B SiO  �
                                                                                                                (5) 

 2 2, 2 3,m m m m
RO CaO MgO B SiO Al O   

                                                                               (6) 

Alkalinity can then be assessed for any input raw material. It is critical that the overall ratio of alkaline and 

acidic components is at least equal. In terms of the produced blast furnace slag, alkalinity values fall in the 

interval 0.8-1.2. The content of alkaline and acidic components themselves, which were given as CaO, MgO, 

SiO2, and Al2O3, constitute the overall slag content 94 - 96 % [4], [5].   

3. EXPERIMENTAL WORK 

The research conducted at the company TŘINECKÉ ŽELEZÁRNY, a.s., assessed the significance of basicity 

according to a defined set of criteria. At the same time, the overall quality of three selected ores was evaluated. 

The raw ore materials originated from the Kursk, Krivoy Rog, and Kovdor deposits. Six key criteria were 

selected for the assessment:  

K1 - Fe content (%) 

K2 - Basicity (-) 

K3 - Homogeneity of lumpiness (%) 

K4 - Moisture content (%) 

K5 - Reducibility (%) 

K6 - Strength (%) 
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The above-mentioned ore’s overall quality was determined from the criteria values. The criteria were selected 

with regard to other possible operational uses in assessing supplied ores. The first step in assessment was 

establishing the weight of the individual criteria. This step also identified the position of basicity in the defined 

set of criteria. Saaty’s principle, based on criteria pair comparison, was applied in the assessment.   

This was done using a scale of absolute values (Table 1) and allows simple processing of measurable and 

non-measurable quantities with the aid of expert opinion. An expert’s assessment can often provide a more 

precise interpretation if the numbers are precisely defined [6]. 

Table 1 Numerical expression of the significance of preferences [7] 

Expression of preferences 

Numeric Verbal 

1 The criteria are equally significant 

3 The first criterion is slightly more significant than the second  

5 The first criterion is strongly more significant than the second 

7 The first criterion is very strongly more significant than the second 

9 The first criterion is absolutely more significant than the second 

The sizes of the preferences of the i-th criterion against the j-th criterion can be entered in Saaty’s matrix, 

whose elements sij represent the estimates of the proportion of criteria weights (how many times a criterion is 

more significant than the other) [8], according to Equation (7).   

i

ji

j

v
s

v
                                                                                                                                                                             (7) 

where: 

vi,j - weights of the selected criteria 

The matrix is reciprocal, and the value on its diagonal are all one. This is because each criterion is equivalent 

in itself [8]. The weights of the criteria can be determined by calculating the standardized geometric diameter, 

according to Equation (8).  
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The assessed criteria were compared in pairs according to the scale given in Table 1. Saaty’s matrix was then 

completed according to the pair comparison. As an example, the comparison of K1 (Fe content) and criterion 

K2 (Basicity) can be highlighted. Criterion K1 obtained a slightly more significant than value 3. Therefore, the 

value 3 was placed in position a12 in the matrix, and under the main diagonal of the matrix, the value 1/3 was 

placed in position a21. Saaty’s matrix (9) was then completed for all pair decisions. The consistency of the 

matrix was then measured. This corresponds to the value of the given size of the matrix.  
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A standardized geometric average of rows was used to evaluate the matrix and set the weights (Equation 8). 

Table 2 shows the individual steps of the calculation and the final weights of the criteria.  

Table 2 List of criteria weights 

Criterion K1 K2 K3 K4 K5 K6 

Geometric average 4.0963 2.1716 0.9998 0.9998 0.4603 0.2440 

∑ 8.9721 

Weight (-) 0.4565 0.2420 0.1114 0.1114 0.0515 0.0272 

Weight (%) 45.65 24.20 11.14 11.14 5.15 2.72 

Based on quantified pairwise comparisons, the iron content (K1 - 0.4565) has the greatest significance. The 

second most significant is basicity (K2 - 0.2420). These two criteria can be considered essential, as their overall 

significance is 69.85%. According to Pareto’s rule, these are therefore considered key criteria. The significance 

of basicity itself in a set of defined criteria may also be assessed as significant. The value of the weight of 

basicity is many times higher than the other criteria. These criteria weights were applied in determining the 

overall quality of the three ores. Table 3 shows the specific values for the defined criteria. 

Table 3 Criteria values for selected ores 

No. Criteria 
Ore deposits 

Kursk Krivoy Rog Kovdor 

K1 Fe content (%) 65 61 40 

K2 Basicity (-) 0.7 1.3 1.1 

K3 Homogeneity of lumpiness (%) 51 53 55 

K4 Moisture content (%) 5.7 5.5 8.7 

K5 Reducibility (%) 65 67 64 

K6 Strength (%) 75 74 71 

A multicriteria decision-making method was used to determine the overall quality of the raw ore material. The 

method is based on measuring Euclidean distance and is also referred to as the distance from the ideal variant. 

The principle of the method lies in quantifying the partial deviations of each criterion from the best value. Each 

difference is simultaneously normalized by the corresponding criterion weight. We can determine the distance 

from the ideal variant using Equation 10.    

2
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where: 

D - the distance from the ideal variant 

vi - the weight of the criteria 

xi
* - the length of action 

xij - the mean width of the elongated bar 

xi
0 - the mean width of the elongated bar 

Equation 10 is a modification of a commonly used relationship to determine the distance from the ideal variant. 

The relationship which subsequently squares the final sum of partial deviations is standardly used. However, 

this operation may reduce the detected differences in the identified distance. A simplified form of the 

relationship was therefore applied. 

Table 4 Principle of calculating the distance from the ideal variant 

No. Criteria vi xi
* xi

0 Kursk Krivoy Rog Kovdor 

K1 Fe Content (%) 0.4565 65 40 0 0.0116 0.4565 

K2 Basicity (-) 0.2420 1.3 0.7 0.2420 0 0.0268 

K3 Homogeneity of lumpiness (%) 0.1114 55 51 0.1114 0.0278 0 

K4 Moisture content (%) 0.1114 5.5 8.7 0.0004 0 0.1114 

K5 Reducibility (%) 0.0515 67 64 0.0228 0 0.0515 

K6 Strength (%) 0.0272 75 71 0 0.0017 0.0272 

 D (-) 0.3766 0.0411 0.6734 

 D (%) 34.52 3.77 61.71 

 Rank 2. 1. 3. 

Table 4 demonstrates the entire principle of the calculation. For each criterion, a weight, the best and worst 

values, and the partial distance from the ideal variant for each ore are given. The sum of the partial deviations 

represents the final distance according to the results of calculation using Equation 10. Following the principle 

of the method, the best ore variant will be the least distant from the ideal variant. The final ores ratings were 

determined according to this principle. The percentage value of distance for each ore was also determined 

from the sum of all distances (Table 4). 

4. RESULTS AND DISCUSSION 

The defined criteria were compared using Saaty’s method. On the basis of pair decisions, two key criteria were 

identified (iron content, basicity). The significance of basicity as the second most important of criterion is clear. 

The value of the weight of basicity was comparable to the sum of the weights of the other three criteria. The 

ore injected into the blast furnace charge may be rather acidic, especially its metallic components, and 

therefore it is critical to examine the ratio of acidic and alkaline constituents. Basicity is a key characteristic in 

forming slag in the blast furnace. Slag must possess a chemical composition which desulfurizes the iron and 

ensures the complete reduction of iron and other elements, and also be sufficiently fluid to flow easily out of 

the blast furnace. Fluidity is also related to chemical composition and the content of some compounds (FeO, 

MnO). Besides criteria weights, the overall quality of three ores were determined. The properties were 

compared by applying a modified distance method from the ideal variant. The Krivoy Rog deposit (distance 

from the ideal variant 0.0411, 3.77 %) supplied the best rated ore. Ore from the Kursk deposit (0.3766, 

34.52 %) was rated second. At this point, it can be mentioned that this ore had the highest iron content, despite 
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not being rated the best in overall quality in the final assessment. Ore from the Kovdor deposit (0.6734, 

61.71 %) was rated last. The values indicate a large difference in quality between the ores. In the best rated 

ore, the final value was significantly affected by basicity, which was the highest of the three ores (1.3). The 

results from a defined set of criteria show that this method of assessment may be used as a basis for 

managerial decisions in selecting ores. 

5. CONCLUSIONS 

Input raw materials can be assessed according to a wide range of criteria. These criteria may be chemical, 

physical or technological in character. The research verified the high significance of basicity as one of the most 

important chemical criteria. The weights of the criteria were determined from pair comparisons. The applied 

method’s advantage is easy substitution of the number of criteria and its algorithmic simplicity. The overall 

quality of the ores was determined using the identified weight criteria. The method allows categorially different 

criteria to be quantified and evaluations to be transformed into a single indicator. The significance of basicity 

in the structure of the assessment of ores was also confirmed. The demonstrated method permits easy use in 

practice to compare multiple ore types and may be applied in the purchasing departments of metallurgical 

companies to assess the range of input raw materials available. Precisely quantifying the proportion of acidic 

and alkaline elements in the input raw materials is essential. Any deviations must be regulated during the blast 

furnace process. Overall, basicity is a key factor of the overall quality of the ore charge. Apart from 

technological conditions, basicity also affects the cost of pig iron production. Strongly acidic ore raw materials 

require a greater quantity of alkaline additives, which are supplied primarily during the agglomeration process. 

The importance of basicity can therefore be seen at several levels. In a very similar manner, the effect of a 

number of other criteria during the blast furnace process can be evaluated. Most decisions in this area are 

therefore multi-criteria decisions. In the current highly competitive environment, it is crucially important for 

metallurgical companies to use tools that will enable them to manage and evaluate these multifaceted 

problems.     
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Abstract 

This paper deals with the optimization of storage and retrieval operations in the expedition warehouse of the 

metallurgical company. First, the problem of warehouse management in the metallurgical industry is defined. 

In the literature review, the approaches, methods, and results from studies of different authors are presented. 

In the main part of the paper, the idea of application of the principles and methods from the automotive industry 

in the metallurgical industry is described. For this purpose, the differences between the logistics processes in 

these two industries are described. Implementation of multicriteria inventory management for optimization of 

storage location assignment and subsequently the order picking is proposed. Conclusions from this paper will 

serve as a foundation for future work centered around the design of multicriteria support tools for decision-

making processes related to storage and retrieval operations.  

Keywords: Decision making, metallurgy, multicriteria, storage location assignment, order picking 

1. INTRODUCTION 

In the present market environment, companies need successful supply chain management for maintaining 

their competitiveness. Key element of the supply chain is the warehouse. Mainly in a manufacturing company 

a storage is an essential part. This is true especially in the metallurgical industry, because of the specifications 

and characteristics of it. Factors like large production batches, varied product portfolio and large dimensions 

of products causes warehouse operations in metallurgical companies to be very complex and resource 

intensive. Warehouse operations are producing about 20 % of total logistics costs. The most cost-intensive 

warehouse operation is order-picking. It is labor-intensive and repetitive process which generates up to 60 % 

of total warehouse costs. Order picking process is still often performed manually. Studies have shown that 

order pickers spend up to 50 % of their work time traveling between storage locations. From above mentioned, 

it is apparent that there is huge protentional for significant savings of money and time in optimization of 

warehouse operations management and especially in order picking. Naturally the best approach for optimizing 

warehouse operations and minimizing logistics costs is to design a completely new warehouse. This radical 

approach is mostly impossible, and so the less radical methods must be used. One of these methods is 

redesign of operational processes. Order picking process efficiency can be increased by the optimization of 

storage systems and storage allocation. Efficiency of warehouse operations is characterized by the cost 

reduction, space utilization and total distance traveled. Efficiency of warehouse management also affects the 

level of logistics services provided to the customer. The solution of storage location determination lays in 

reduction of the space requirement and minimalization of the total travel distance and time throughout the 

warehousing process. These two criteria can be conflicting. The various criteria considered while determining 

the storage location in a warehouse for each product are also often conflicting [1,2]. 

Order picking requires great portion of attention from warehouse management standpoint, because of its high 

share on total cost of warehouse operations. Besides the fact it is a cost-intensive activity it is also important 

due to the direct link to the performance of warehouse and consequently the whole supply chain. Any 

inefficiency in order picking process directly leads to unsatisfactory service for the customer. In order to ensure 
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efficient order picking process, it must be designed and planned in detail. The main areas of focus in designing 

and planning are layout design, storage assignment, routing, order batching and zoning. The minimalization 

of order picking time and distance travelled is achieved through the order picking route planning. The 

performance of order pickers is increased with separation of warehouse into zones. So, the order pickers only 

operate in their assigned zone. The efficiency of warehouse space utilization is ensured by the dedication of 

storage location to the stored products based on their occupancy. Other approach to optimization of order 

picking process is order batching, which reduces the distance travelled [1,2]. 

This paper deals with increasing efficiency of the order picking process in the expedition warehouse of the 

metallurgical company. Presented approach focuses on product storage location assignment optimization. 

General theoretical basis from this are presented. Literature review of scientific publication, mainly papers 

presented in journals and conference proceedings was performed. Results and findings of different authors 

dealing with issue of warehouse management were summarized.  It was found that for solved problematic 

there is comprehensive solution in automotive industry. Automotive companies invented and implemented 

complex and effective storage and retrieval automated systems. Those best practices were analyzed and 

protentional of their application in the metallurgical industry was explored. Due to significant differences in both 

industries it is impossible for metallurgical companies to completely adopt practices from automotive industry, 

but it is possible for them to take inspiration and use similar concepts and technologies. The principles and 

systems of warehouse operations used in automotive industry must be adjusted to fit the specifications of 

metallurgical industry. 

2. PROBLEM DEFINITION 

The main issue in the expedition processes of the metallurgical company is inefficient order picking. Redundant 

warehouse operations such as material manipulations, personnel and equipment movement. are in most cases 

results of the inefficient stored product allocation in the warehouse. Current storage location assignment 

methodic consists of predesigned warehouse layout plan and product allocation system. These two elements 

of warehouse management are closely interconnected. The warehouse layout plan is strategic tool for 

organization of warehouse management with purpose to optimize space utilization and systematic product 

placement. The product allocation system is more of an operational tool supporting decision-making process 

in selection process of storage location for finished products. The decision-making process involves many 

variables which vary based on the type of stored product, the current state of warehouse, occupancy of storage 

locations and the requirements and the priorities. This decision-making process is complex and comprehensive 

problem, which must be supported with various tools and methods. Usage of exact decision-making methods, 

mathematical modeling, algorithms, digitalization and automatization will ensure the optimal solution for every 

product. Also, the intuitive and individual nature of decision in warehouse management will be eliminated and 

whole process will be standardized [3].  

Throughout the series of logistics audits performer in metallurgical company a number of causes of waste in 

warehouse operations were identified. One of the major causes of the identified inefficiencies in warehouse 

operations was inappropriate system of product storage allocation. The inefficiency of the current system leads 

to an unsystematic layout of products in the expedition warehouse, which is causing a large number of 

redundant warehouse operations and an increase in average loading times. Redundant warehouse operations 

are primarily manipulation with products, product tracing, and multiple loadings. During the literature review, 

which is presented in the next chapter, number of studies dealing with the issue of product storage, warehouse 

layout design and order picking. Some of the studies deals with optimization particular warehouse or process. 

Other studies were more complex and dealt with the issue in more general way and presented solutions for 

whole supply chains or for selected industry.  

The products storage locations are assigned in relation to planned expeditions and based on the categorization 

of products according to turnover rate, customer behaviour, production campaign, etc. One of the major 
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problems is the allocation of products from one contract at storage locations distant from each other. Further 

problem is allocation of products scheduled for expedition soon are stored on storage locations far from the 

loading place. On the contrary products with low turnover rate are placed at storage locations near loading 

places, that leaves them unnecessarily occupied for long periods of time. These inefficiencies cause redundant 

warehouse operations and long routes for personnel and handling equipment during the expedition leading to 

longer order picking times. Part of the decision-making problem is that not every storage location is suitable 

for whole product portfolio. This means that the set of suitable storage location must be determined individually 

for each group of products based on the specifics. And from this determined set the optimal storage place is 

further selected via multi-criteria decision-making algorithm. 

3. LITERATURE REVIEW 

This chapter will summarize the results of a literature review in the field of warehouse management, layout 

organization, inventory classification, shipping processes and multicriteria decision-making processes that 

accompany these areas. Dozens of publications dealing with these areas have been analyzed and those, 

whose goals and methods are related to the focus of this publication, are presented below. Venkitasubramony 

and Adil considers the layout design problem in an order-picking rack-based warehouse with turnover-based 

storage assignment. In their study they also factor vertical travel besides horizontal. The study results with an 

optimal design of warehouse in terms of manipulation costs and space requirements. The results also contain 

the solution of problem with algorithm, which is presented on real case study. Venkitasubramony and Adil 

defines layout design as an important element of warehouse design, which consists of determination of length, 

width, height, aisle width, position of Pickup/Deposit (P/D) point, etc. They believe that warehouse operational 

costs are determined mainly at the design stage and are very difficult to change in an already built warehouse. 

Due to the ever-increasing and changing requirements of customers, manufacturing companies had to 

abandon conventional production systems and adopt the FMS flexible manufacturing system. FMS uses 

automated machinery, automated material handling and automated storage and retrieval system (AS / AR). 

AS / AR plays a very important role in FMS, as handling costs can reach up to 30% of the total production 

costs. The implementation of AS / SR requires high investments and therefore the system must work efficiently. 

Criteria for evaluating the effectiveness of AS / SR are capacity, system throughput, utilization and reliability. 

Venkitasubramony and Adil propose to improve AS / SR performance using heuristic and genetic algorithms. 

Venkitasubramony and Adil defines following storage strategies include random storage, dedicated storage, 

class-based storage, and Duration-of-Stay (DOS) based storage, compare random storage, dedicated 

storage, and class-based storage in single-command and dual-command AS/RS using both analytical models 

and simulations [4]. Ene and Öztürk deals with design of storage system in automotive industry warehouse. 

They are focused on storage assignment and order picking system design optimization via mathematical model 

and stochastic evolutionary approach. Their work has two stages. In stage on they solve storage assignment 

problem with a class-based storage policy. In stage two they solve batching and routing problem to minimize 

warehouse operations costs. They propose solution for optimal batches and optimal routes for order picker 

based on genetic algorithm with a quick response [5]. Fontana and Cavalcante deals with determination of the 

best alternative for storage location assignment with use of Promethee method. They use Promethee 

multicriteria method to solve this problem. With this method they can identify all non-dominated storage 

locations for the product in the warehouse and can efficiently rank the alternatives in the decision process. 

Fontana and Cavalcante defines storage as one of the traditional aspects of logistics. And they state that good 

storage system should facilitate the identification of material and increase productivity and reduce the costs, 

because of facilitation of the management of inventories. Fontana and Cavalcante defines order picking as the 

retrieval of stock keeping units (SKUs) from a warehouse to satisfy customer order and views it as a vital 

component of supply chain. They also state that implementation of order picking strategy is operational 

problem and that the selection of it is a strategic decision. They consider order picking the most critical 

operation in warehousing. According to Fontana and Cavalcante warehouse storage decisions influence every 
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KPI of a warehouse from order picking time to the cost of using storage space. They identified two main issues 

in warehouse planning, which are inventory management and storage location assignment. Optimization of 

inventory management leads to reducing warehousing costs. Efficient assignment of storage location reduces 

the travel times for storage/ retrieval and order picking [6]. Jawahar, Aravindan & Ponnambalam presented the 

following Storage Location Assignment Rules Pattern search, lower tier first (LTF), Shortest processing time 

(SPT), Random assignment (RANDOM) and Turnover rate-based zone assignment (ZONE). They also 

recommended following zoning procedures before implementation class based turnover assignment Fixed 

zone sizes and locations (FSFL), Fixed zone sizes but moving locations (FSML), Moving zone sizes and 

locations (MSML) and Equal distant rack zoning (EDR) [7]. Balaji and Kumar dealt with MCIC (multi criteria 

inventory classification) in an automotive industry. They expanded standard methodology of ABC inventory 

classification with AHP (analytic hierarchy process) to extend the decision making in inventory management 

from a single criterion to various criteria, such as turnover-rate, durability, unit price etc. Balaji and Kumar used 

AHP for analysis of the spare parts of a large manufacturing company and genetic algorithm was used for 

classification of inventory by criteria like lead time, unit price, reparability, order size, number of requests etc 

[8]. Manzini, Gamberi and Persona presented an integrated approach to support the decision-making process 

in optimizing the order picking system (OPS). Their goal is to identify the impact of different approaches and 

strategies for storing and order picking on the system's response to customer orders. They analyzed hundreds 

of industrial systems and performed thousands of simulations of various scenarios. Based on the results, they 

proposed a multiparametric dynamic and analytical model [9]. Šafránek and Sikorová dealt with the issue of 

analysis and optimization of storage and expedition of products in the expedition warehouse of a metallurgical 

company. They performed an ABC analysis of the products based on the frequency of their production and for 

product group A they also performed an XYZ analysis based on their turnover rate. Subsequently, they used 

the results of the analyzes to create a proposal for a new classification of products in the warehouse in order 

to optimize both the process of storing products and the process of shipping products. They point out the 

problem with the lack of information about the planned production and propose to support the system by digital 
visualization of the warehouse in the future and the implementation of supporting software [10]. 

4. AUTOMOTIVE AND METALLURGICAL INDUSTRY STORAGE AND RETRIEVAL OPEARITONS IN 

SPECIFICATIONS 

It was mentioned in previous chapters that problematics of warehouse management is well treated in 

automotive industry. High demands on quality level in the automotive supply chains results into great effort 

spent on optimization of storage and retrieval operations in automotive distribution center.  In this chapter the 

approaches, concepts and principles used in logistics processes in automotive industry will be presented. Also, 

the differences, characteristics and specifications of logistics processes in automotive and metallurgical 

industry will be presented. It is unnecessary to develop completely new methods for optimization storage and 

retrieval operations in the metallurgical industry. It is possible to take verified methods from automotive industry 

and adjust them for use in metallurgical industry. General specifications of logistics in automotive industry are 

listed below: 

 logistics concepts (Lean, JIT/JIS, Kanban, TOC, TQM), 

 standardized manipulation units (pallets, crates, boxes, containers), 

 automated storage and retrieval systems, 

 large and complicated input material flows, 

 complicated supply of assembly lines, 

 autonomous manipulation units. 

Present automotive companies pursue the idea of leanness, which leads to elimination of storage activities 

that are not considered as value adding. Stored products and material have number of characteristics that 

must be considered in process of storage location and zones assignment in warehouses. There are three main 
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methods for storage location assignment dedicated or fixed storage, randomized or variable storage and class-

based storage. The warehouse operations in the metallurgical company is characterized mainly by the large 

weights, measures and volumes of the manipulated products. The metallurgical industry is material-

intensive and in order to ensure the continuous production it is necessary to maintain significant volumes of a 

variety of material. Due to very energy-intensive nature of metallurgical production, it is important to prevent 

any shortcomings leading to the shutdown of production. This urges the companies to hold a significant 

emergency supply of all necessary input materials. This leads to high demands on stock storage. Metallurgical 

companies are characterized by holding large volumes of stocks in the form of input material, semi-finished 

products, unfinished production, which binds a lot of capital and additionally creates high costs associated with 

stock storage and warehouse maintenance. 

5. MULTI CRITERIA INVENTORY CLASSIFICATION IN METALLURGICAL INDUSTRY 

The fundamental difference of this work from studies with similar focus is the nature of the examined 

metallurgical industry processes. This study is significant with the purpose of reorganizing the warehouse 

layout and product allocation, while most authors have as their main optimization of order picking system. 

Additional goals of this study are optimizing expedition processes, storage space utilization and streamlining 

of the placement of finished products. The proposed solution will be dynamic and will therefore recalculate all 

inputs, parameters and variables based on current data and provide an almost optimal solution. In the 

metallurgical industry there a specific characteristic that affects the product allocation such as type of product, 

measures of product, the weight of bundle, type of bundle, product turnover rate, contract, customer and type 

of expedition. Whole portfolio of stored products must be analysed in terms of all characteristics and criteria 

for future categorization of products for implementation of class-based storage. Result of analysis is 

categorization of products into classes according to all considered criteria. It was found that the main factors 

influencing the decision-making process in storage location assignment are loading process (means of 

transport, loading specifics), costumer (average order size, behavior, contract), product characteristics (type, 

quality, quantity, length), expedition plans, warehouse occupancy, date of deposition/expedition, storage 

method, turnover rate, hourly performance/production and average loading time. During the study the specifics 

and limitations resulting from the nature of metallurgical production were identified. Some of the limitations are 

unbalanced in truck dispatch, insufficient storage and handling capacity, insufficient integration of information 

systems, unsuitable infrastructure, enormous dimension and weight of products, large production batches, a 

wide portfolio of manufactured products. Categorization of stored products by the ABC/XYZ analysis for each 

considered criteria serves as foundation for design of tool for support of decision-making process in product 

storage location assignment. 

6. CONCLUSION 

Principles and methods presented in this paper are part of foundation for the proposal of a 

new methodology for the storage location assignment of products in the expedition warehouse of the 

metallurgical company. The characteristics and specifications of storage and expedition processes in the 

metallurgical industry were defined. During the analysis of the process of product storage the greatest potential 

for improvement was identified in the storage location assignment process, mainly in related decision-making. 

For design of a support tool for the decision-making process, the whole product portfolio and all storage 

locations were analysed and categorized. Many factors influencing the decision-making process were 

identified and analysed. Study results will be used to describe the problematic, collect input data, current 

system shortcomings identifications and create a concept for a proposal of a new methodology for product 

storage assignment. The proposed model should serve as a supporting tool used by expedition warehouse 

managers for the organization of the warehouse layout. The usage of the model will allow workers to make 

better decisions based on relevant and actual information. The purpose of the model will be to give a 
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recommendation of the optimal storage location for the currently manufactured type of product. In future 

research it will be necessary to analyse the key factors influencing examined decision-making process in more 

detail and define the priorities and acceptable intervals of values. The priorities of the company management 

change dynamically and so it is necessary for the designed methodology to be flexible. The standardization of 

the decision-making process related to product storage allocation and optimization of the warehouse layout 

will lead to savings of time and resources in consecutive order picking. Optimized warehouse operations 

improve the expedition processes and the level of the logistics services provided to the customer.  

A key elements of warehouse operations are the product storage and retrieval. Throughout the process of 

storage location assignment for a specific product, a number of criteria and potential storage locations must 

be considered. So, it is necessary to support this process with exact decision-making tools. The optimal 

methods of multicriteria decision-making for this task must be selected. The application of methods 

of multicriteria decision-making will improve the efficiency of product storage and retrieval operations leading 

to shorter order picking times and warehouse space utilization 
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Abstract 

The article deals with the issue of technological thinking in the process of material security of supply chains of 

a selected group of products in the field of metallurgical secondary production. The commercial potential of 

this distribution, redistribution of low-carbon wire products and low-carbon materials from metallurgical 

secondary production, which is redistributed over long distances from the place of production to the place of 

consumption with the necessary requirements to control incoming materials into production and subsequent 

final processing. The research performed on the material of the thus redistributed selected sample showed 

partial differences in the deviations of the given declared values and thus an inaccurate interpretation of the 

accompanying data to the materials. The authors prove the fact on the given example of analysis of delivered 

redistribution samples. 

Keywords: Low-carbon wire, material safety, input material properties, steel, economic thinking 

1. INTRODUCTION 

Material safety in the supply chains of low-carbon wire in the Czech Republic across selected operations in 

secondary metallurgical production has certain drawbacks which are in need of attention. The distribution and 

redistribution of products using low-carbon wire and low carbon materials in metallurgical secondary production 

and additional redistribution over long distances from the place of production to the place of consumption 

results in certain commercial conditions. These conditions include checking the materials before entry into 

production and during final processing at processing operations and assessing the risks of material safety. 

The aim of the paper is to raise attention to the research findings on material safety in low-carbon wire and 

low-carbon material supply chains in selected operations of secondary metallurgical production in the Czech 

Republic. 

2. LOW-CARBON WIRE MATERIAL SAFETY ISSUES 

The material safety issues of low-carbon wire in the Czech Republic highlight important requirements in 

checking materials entering production and during final processing at processing operations. These issues are 

a result of the disconnection between unified technological processes governing the long-distance 

transportation of materials. Research compiled on selected samples of redistributed materials reveals partial 

differences in declared values, and hence, inconsistent interpretation of the accompanying data on the 

supplied materials. If these materials are used, material safety could be compromised. An example analysis 

was conducted on supplied redistribution samples. 

Low-carbon wire and low-carbon materials are used in many operations, such as food production, medicine, 

defence, and other industries. Many machine parts are constructed from foreign products that use low-carbon 

steel, and as a result of low quality, the given products are prone to breakdown. In normal operation, these 
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products may cause production downtime that extends to days due to the complexity in servicing and supplying 

the part or material.  

Low-carbon steel with micro-additions of boron has good ductility and deformability and can be used in place 

of low-carbon rimming steels [1,2]. A few information is available regarding the structure and properties of 

moderate-carbon steel wire, such as steel 50 wire, after such deformation [3]. 

2.1.  Global steel production 

The Czech steel industry is currently facing protectionism issues and attacks on free trade, US tariffs on steel 

produced in the EU and other countries, and millions of tonnes of steel being diverted from third world countries 

to the open European market. According to the pages of the STEEL UNION, 1.7 mil. tonnes of crude steel 

were produced in 2018 in the Czech Republic by April, and exports in the first quarter of 2018 totalled 2 mil. 

tonnes, the highest in the country’s history. Imports from third world countries also reached their highest levels, 

totalling 40 mil. tonnes across the EU [4-7]. This makes the EU the world’s largest importer of steel [8]. 

European steel in the figures from the STEEL UNION [9] website shows a clear threat from growing imports, 

which increased by 12 % over 2018 (see Figures 1 and 2). 

A significant issue concerns rolled and drawn wire. Wire production is a rising trend, but as a result of a 

disconnected technology supply chain, orders are being placed with third countries. South Africa has the 

highest intensity of impact in iron mining on unit GDP (4.35E-4 TNI / US $) and Canada has the highest 

intensity in steel production (5.81E-3 TNI / US $) [10]. 

 
Figure 1 Statistics from EUROFER and the Steel Union [1,4] 

2.2.  Findings  

Consequences of low-carbon steel production trends in connection with distribution:  

 Disconnection of the production and supply chain of low-carbon steel depends on the ordering system 

and amount of production required; 

 Economic motivation for production and demand; 

 Coverage and interconnection of IT processes between demand, production and economic spheres. 
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Figure 2 Statistics from EUROFER and the Steel Union [1,4] 

3. DIAGNOSTICS OF LOW-CARBON STEEL SAMPLE MATERIALS 

Research diagnostics were performed on two sheet metal items (15260 steel) subjected to burst tests. Already 

then, it became evident that a small series order of materials is a time-consuming process for suppliers to 

deliver. The nominal composition of the steel is shown in Table 1. 

Many different metals and alloys can be used to produce different types of equipment that are part of a 

chemical process [11]. 

Table 1 Nominal chemical composition of 15260 steel (wt%) [3] 

Steel C Mn Si Cr V Ni P S 

15260 0.47-.55 0.70-1.00 0.15-0.40 0.90-1.20 0.10-0.20 max. 0.3 max. 0.035 max. 0.035 

Six SEM analyses of the fracture surface area were performed on six samples after a tensile test to determine 

the differences between the three series of samples and the chemical analysis of the OES (Tables 2 and 3). 

The chemical representation of the items corresponds to the standard ČSN 41 5260 for the material 15260 

Mn-Cr-V Steel (Table 2). 

Table 2 Results of the optical emission spectrometry (OES) analysis of samples (wt%) 

Sample C Si Mn P S Cr Ni Mo Al Cu Co Ti Nb 

Sheet 0.54 0.218 0.79 0.015 0.0071 1.01 0.053 0.0097 0.027 0.013 0.018 0.0036 <0.004 

C2 0.54 0.231 0.82 0.017 0.0072 1.02 0.057 0.011 0.032 0.014 0.020 0.0046 <0.004 
 

Sample V W Pb Mg B Sn Zn As Bi Ca Zr Fe 

Sheet 0.108 <0.001 <0.003 0.002 0.0009 0.0052 <0.002 0.006 0.0077 0.0024 <0.003 97.2 

C2 0.109 <0.001 <0.003 0.0019 0.0012 0.0052 <0.002 0.0076 0.0094 0.0027 0.0035 97.1 
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Table 3 Tensile test results and 15260 steel sheet hardness 

Sample Rp 0.2 (MPa) Rm (MPa) Hardness HRC 

A1 1807 1908 49.2 

A2 1810 1941 49.6 

A3 1806 1901 49.8 

B1 1577 1643 44.0 

B2 1552 1599 45.3 

B3 1568 1619 44.4 

C1 1536 1638 44.9 

C2 1566 1657 45.4 

C3 1557 1624 45.4 

 

Figure 3 Burst test control samples 

Samples A, B and C in Figure 3 show the same black finish, with the following differences: 

 Sample A was hardened to 54 ± 2 HRC;  

 Samples B and C were hardened to 49 ± 2 HRC; 

 Sample C had also been blasted; the shift in yield strength was not verified. 

 

a) Sample A3   b) Sample B3        c) Sample C3 

Figure 4 SEM images of the fracture surface areas after tensile tests 
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The images of SEM analysis of the fracture surface areas after tensile tests shown in Figure 4 indicate the 

following: the fracture surfaces of all documented samples correspond to transcrystalline ductile fractures with 

dimple morphology. The size of the dimples appears to be essentially the same in all samples. No morphology 

differences were observed between the type A samples with a higher HRC hardness and the type B and C 

samples. To a small extent, some samples also had larger dimples where coarser non-metallic inclusions were 

observed (Figure 5). At low magnification, relatively coarse non-metallic inclusions were observed on the 

fracture surfaces of the samples. These inclusions can lead to premature failure of the material during tensile 

tests. 

 

a) Sample A3            b) Sample C2       c) Sample C3 

Figure 5 SEM images of the fracture surface areas with non-metallic inclusions 

The quarry was non-standard. There was a failure of the material outside the middle part without plastic 

deformation, which indicates that the material is quite hard and premature fracture can be affected by the 

inclusions present, as demonstrated by detailed SEM analysis. The fact that in practically all cases the line of 

destruction is oblique may be related to the rolling direction of the supplied sheet. 

3.1. Results 

Researching and inspecting the materials produced by third parties and subsequently supplied by Czech 

subcontractors due to demand for small quantities of small parts and component production leads to an 

increase in input checks. Consequential factors affecting purchasing from third countries:  

1) Pressure from the manufacturer on the price of the final product; 

2) Pressure on the delivered quantity depending on reductions in production; 

3) Disconnection in the production and supply chain over long distances from the place of production to 

the place of consumption; 

4) Resultant and necessary diagnostics in inter-operational inspections to guarantee the final product 
quality; 

5) Higher service costs for warranties and repairs; 

6) More time needed for servicing during warranty repairs; 

7) More time needed for delivery; 

8) Essential document interpretation checks. 

The findings on material safety in low-carbon materials and wire supply chains in selected secondary 

metallurgical production in the Czech Republic highlight the draw backs for competitiveness and require 

increased attention in companies across the country and the EU. Low-carbon materials introduce a diagnostic 

point in the process beginning with purchasing up to finalizing production and end use. 
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4. CONCLUSION 

The issue of material safety in low-carbon wire therefore demands attention regarding the technological 

process of disconnection and long-distance transportation from third countries. A large number of logistical 

steps and associated handling operations have been created, which have moved analysis of operation control 

into the area of simulation and virtual reality control and spreadsheet processes. 

Currently, this production chain has been interrupted, and Czech subcontractors purchasing from third party 

producers in China, India, etc, have been supplying customers with low quantities in unknown and inconsistent 

quality. However, the Czech Republic has its own capability to produce low-carbon quality wire, low-carbon 

steel according to customer requirements, but due to the effects illustrated in the above-mentioned findings, 

Czech manufacturers are seeing lower demand. 

In the 15260 steel sample, the chemical composition was in accordance with the ČSN 41 5260 standard. The 

character of the fractures after tensile tests was standard for the material given its previous hardening heat 

treatment. In all probability, the failure of material during the tensile test was caused by internal inclusions of 

non-metallic origin. 
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Abstract  

Appropriate maintenance of machinery and production equipment allows for smooth production, eliminates 

downtime related to failures, improves work safety and improves the productivity of an enterprise. Well-

functioning machines allow for production of high-quality products. This is an important topic especially in 

enterprises of the metallurgical industry due to the specificity. They usually work in system 24/7, what is more, 

machines and devices are used in the most effective way possible. In addition, an important factor is the ability 

to produce products with appropriate quality parameters, because many of these products are used, e.g. in 

various machines, vehicles, constructions or buildings. The purpose of the paper was to assess the production 

devices of one of the rolling mills in Poland in terms of its condition and use. Chosen technical and 

technological indicators typical of metallurgical enterprises were used for this assessment. This research 

covered 5 consecutive years. Slight fluctuations in the values of the research indicators were noted, which is 

why the machine breaks were additionally examined. 

Keywords: Rolling mill, production equipment, modernity, productivity 

1. INTRODUCTION 

The maintenance department, which is responsible for maintaining the suitability of equipment for carrying out 

production processes, is part of every production system. Currently, this department is also part of the analysis 

of the effectiveness of processes that are part of the overall efficiency of implemented manufacturing 

processes [1]. The basic issue in this respect is the TPM concept, which includes the tasks of maintaining 

equipment for operation in processes, supervising the efficiency indicators of these machines, and the direct 

impact on the production capacity and productivity of manufacturing processes [2,3]. The TPM system is one 

of the foundations of the Lean Management concept, which is based on the elimination of basic types of waste, 

also those related to the operation of machinery and production equipment [4].  

The technical condition and quality of used machines and devices directly affect the downtime in the 

implementation of the production schedule. This element of waste in the production system has a significant 

impact on the implementation of the assumed production plan and on the flexibility function of organized 

production process. Therefore, properly prepared strategies for the maintenance of machines is the basis for 

maintaining the production capacity of the system for the production and realizations of orders in the planned 

time periods [5]. The importance of machine maintenance strategies is enhanced by the high level of high-

scale production automation and mechanization as well as the long service life of the used equipment [6,7]. 

Taking into account these elements and their importance, maintenance is the basis deciding about 

manufacturing capabilities, but in accordance with the principles of Lean Management, they are also subject 

to the principles of optimization and adequate efficiency of operations that apply to all corporate resources, 
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without exception. The main idea related to maintenance is to prepare parts and machines to do what is 

required in the allocated time and sizes, and to do it with less resources [8,9]. 

The TPM concept uses two basic indicators. Firstly, it is focused on minimizing waste in the production and 

operation of equipment from the point of view of the use of production capacities that have been planned. 

Secondly, it focuses on the quality of created products, where the main goal is to achieve a zero level of 

product defects [10]. These two elements still allow reducing the amount of production scrap or reducing the 

defect rate, no breakdown, no accidents, no waste during the process or replacement [11]. Numerous 

publications based on the implementation and use of the TPM concept show the benefits for the production 

system in terms of eliminating waste of time (according to the number of breakdowns as well as the number 

of production defects and the resulting corrective actions). Monitoring and calculating the main indicator of the 

efficiency and productivity of the use of the machine park also gives the company information at what stage of 

the strategy implementation is, where weak points in the organization of production are, and as a consequence 

of further analysis also about way of possible improvement [12,13]. 

Metallurgical enterprises belong to those enterprises that work in a continuous system, which means that 

production devices are used 24/7. Maintenance and repairs of machines must be properly planned so as not 

to cause too long stoppages in production and reduction of the company's productivity and efficiency. 

The purpose of the paper was to assess the production devices of one of the rolling mills in Poland in terms of 

its condition and use. Chosen technical and technological indicators typical of metallurgical enterprises were 

used for this assessment. This research covered 5 consecutive years. 

2. METHODOLOGY 

An assessment of the rolling mill production equipment in one of the steelwork in Poland was conducted. The 

indicators for the research were chosen from the point of view of the specificity of the operation in the research 

enterprise and collected data. The estimation of the technical work equipment, which is used in the structures 

of the enterprise, illustrates the dependence of the replacement value of the machine park and labor inputs as 

well as the work efficiency achieved with the use of these resources. This indicator is the result element of the 

implemented TPM strategy and the principles of maintaining machinery and equipment in the technological 

line. The technical work equipment is the most general and most common indicator showing the technical level 

of an enterprise. This indicator is the ratio of value of fixed production assets to the number of employees [14]: 

./0ℎ2�034 56�� /78���/29 � :;<=> ?@ @A>B C�?B=DE?F ;GG>EG>HC<?IH>FE           (1) 

The numerator "may include all fixed assets or only the so-called active part of fixed assets (machinery and 

technical equipment without buildings)" [15]. This part of the analysis of production resources is related to 

technical progress that may occur in the enterprise. The increase in value of equipment enhances the 

production force and in some way facilitates human work, which is expressed in higher productivity. 

When assessing the productivity of fixed assets or production assets, the research focuses primarily on 

assessing the relationship between fixed assets and the volume of production. Therefore, an important 

indicator that presents the efficiency relationship is the indicator showing the ratio of achieved production 

effects per 1 PLN of fixed assets involved in the production process [14]: 

��6J809�K�9L 6M M��/J ��6J809�62 3NN/9N � C�?B=DE?F;:>�;O> :;<=> ?@ @A>B C�?B=DE?F ;GG>EG        (2) 

Fixed production assets involvement indicator have an absorbent nature. It presents the opposite attitude to 

the productivity of fixed production assets. It represents the amount of fixed assets involved per unit of 

production volume. In the literature it is often called the indicator of capital intensity or material intensity [16]. 

This indicator is calculated according to the following formula [17]: 
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P��/J ��6J809�62 3NN/9N �2K64K/�/29 �2J�0396� � ;:>�;O> :;<=> ?@ @A>B C�?B=DE?F ;GG>EGC�?B=DE?F       (3) 

Efficiency of use of production equipment is measured by the time of their work in the course of production. 

The most frequently calculated indicator is work time indicator for production equipment, presenting the ratio 

of the effective working time to the maximum possible to use working time [15]: 

Q6���2R 9��/ �2J�0396� M6�  ��6J809�62 /78���/29 � G=H ?@ ES> >@@>DE:> T?�!FO EH>G=H ?@ ES> H;AH=H C?GGU<> E? =G> T?�!FO EH>     (4) 

To illustrate the extent to which production machines and equipment were not used, the breaks time indicator 

can be used. It can be calculated as follows [15]: 

V�/3�N 9��/ �2J�0396� M6�  ��6J809�62 /78���/29 � F=HU>� ?@ U�>;!G S?=�GG=H ?@ ES> H;AH=H C?GGU<> E? =G> T?�!FO EH>     (5) 

There are no specific values for individual indicators in the literature, because their level depends on many 

factors. However, it is worth calculating them at regular intervals and comparing them to assess the overall 

situation of the company. 

In addition, an analysis of the causes of breaks in the rolling mill was carried out. The percentage shares of 

individual causes of breaks were calculated for each year in the analyzed period. 

3. RESULTS 

Table 1 presents summary of calculated indicators in the research period. To calculate these indicators, the 

value of production machinery and equipment of the chosen rolling mill was taken into account. 

Table 1 Summary of indicators in the research period [own study] 

Indicator Year 1 Year 2 Year 3 Year 4 Year 5 

Technical work equipment [PLN/person] 509453.42 469646.47 398311.98 339327.97 299302.57 

Productivity of fixed production assets [kg/PLN] 2.49 2.62 3.66 4.82 4.25 

Fixed production assets involvement indicator [PLN/Mg] 400.90 381.10 273.47 207.36 235.17 

Working time indicator for production equipment 0.787 0.787 0.813 0.762 0.687 

Breaks time indicator for production equipment 0.213 0.213 0.187 0.238 0.313 

In the case of the research rolling mill, the technical work equipment was systematically decreasing. This was 

related to changes in the means of production, as there were no major changes in the volume of employment. 

That is why this situation was related only to the general aging of the machine park and the lack of new 

investments in recent years.  

Productivity of fixed production assets and fixed production assets involvement indicator deserve a lot of 

attention. Despite a clear decrease in the value of production assets, these changes do not coincide with 

changes in the production volume. What's more, it is possible to notice a continuous increase in productivity, 

except for last year of research period, when small decrease of the indicator was observed. This means that 

despite the decrease in the value of production means and the lack of investment, the rolling mill is able to 

produce the high amount of products. The decrease of the indicator in year 5 was caused by a decrease in 

orders for products, and thus a decrease in general production. The opposite situation was illustrated by fixed 

production assets involvement indicator. There was less and less fixed production assets for the production of 

1 Mg of products. With the exception of year 5, when production volume dropped dramatically, and thus a 

slight increase in the indicator was noted, which was caused by a decrease in demand. 

Working time indicator for production equipment informs about the rational use of production means. The 

higher the value of the indicator is, the better the use of working time is. It can be seen that in year 1 and year 
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2 working time indicators were at the same level. In the following year, the rolling mill utilized the working time 

of the production means in over 0.813 %, unfortunately in the last year only in almost 0.687 %. Breaks time 

indicator for production equipment informs about level of breaks in working time. The high value of this indicator 

means low rationality of using the means of production. High value of this indicator was noted in year 5. This 

means that over 0.313 of the maximum possible to use time consists of different types of breaks in work of the 

rolling mean. 

However, one important thing should be emphasized that will be seen later in the further analysis. Research 

rolling mill produces different types of products, different dimensions of these products, which is associated 

with the need for frequent changeover of the rolling mill. Additionally, the production plan includes periodic 

inspections and planned renovations of the rolling mill resulting from maintenance. Therefore, maximum 

possible to use time cannot be fully used. 

Fluctuations in the value of breaks time indicator for production equipment in individual years of the research 

period caused the need for additional research. The causes of breaks in work of the research rolling mill were 

analyzed. Table 2 presents the causes and percentage shares of individual causes of breaks in the research 

period. 

Table 1 Summary of breaks in work of rolling mill in the research period, [%] [own study] 

Causes of breaks Year 1 Year 2 Year 3 Year 4 Year 5 

technological 73.08 84.21 87.71 76.46 75.05 

defects 0.00 0.12 0.36 11.71 10.58 

mechanical 2.74 3.34 3.42 3.80 4.94 

electric 4.67 3.64 3.20 3.26 4.09 

energetic 1.83 1.15 0.95 1.51 1.40 

external 0.00 0.49 0.73 0.48 0.55 

organizational, including: 8.84 7.04 3.64 1.39 3.39 

- lack of material 0.00 3.28 2.40 0.00 0.00 

- re-heating of material 0.00 0.36 0.00 0.00 0.00 

- other organizational reasons 8.84 3.40 1.24 1.39 3.39 

Throughout the entire research period, technological breaks had the largest share in all breaks. As mentioned 

earlier, they are associated with all kinds of technological changes, primarily with machine as equipment 

changeover but also inspections and repairs. However, some differences in the proportion of these breaks can 

be seen. In year 2 and 3 the share of such breaks was around 85 %, in the remaining years around 75 %. This 

means that in the remaining years, the share of other, less desirable breaks increased. 

In year 4 and 5 a large share of breaks due to different production defects can be seen. This was related to 

the increase in the number of defects during this period. They were caused by many factors: material defects 

(poor material composition) and technical factors resulting from the general condition of the equipment [13]. 

Mechanical breaks are associated with rolling mill breakdowns. However, there were no large differences in 

share of this type of breaks. In the whole research period, this share did not exceed 5 % of the total break time. 

This level of breaks was caused by the implementation of TPM principles and inspections and repairs at the 

rolling mill operation resulting from maintenance. A similar situation was noted in the case of electrical breaks, 

i.e. all the downtime associated with the lack of electricity or failures related to electricity. In the whole research 

period, this share was below 5 %. Organizational breaks are noteworthy. Their large share was recorded in 

year 1 and 2. In the case of year 1, these were primarily other organizational breaks (breaks related to 

additional days or free hours not previously planned). In case of year 2, apart from this reason, the lack of 
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material also dominated, i.e. the lack of billets for production. In the same year there were breaks related to 

the need to re-heat material before rolling. To avoid production defect and to modernize production, rolling mill 

management should start investing more in production resources. Along with a decrease in the value of 

production means, their aging occurs, which results in greater system failure rate and more frequent defects. 

4. CONCLUSION 

The condition of production machines and devices influences not only the course of the production process, 

but above all the quality of manufactured products. That is why proper management of machine exploitation is 

so important. Among the methods that are helpful in this case, it is necessary to highlight the TPM system 

functioning, among others, under the concept of Lean Management. TPM includes planned inspections and 

periodic repairs to avoid waste related to e.g. breakdowns or defects of products [18,19]. The products from 

the research rolling mill are used in many industries, e.g. in various types of constructions, machines, cars or 

buildings. The proper quality of materials used in such constructions affects not only their quality but also the 

user's safety. In the paper the use of rolling mill production machinery and equipment in one of Polish 

steelworks was presented. Technical and technical indicators were used. The analysis showed that the 

production equipment was aging due to a lack of investment, but its overall condition should be considered 

good. Despite the decrease in the value of fixed assets, it is possible to produce the right amount of products 

in accordance with orders. The working time of the machines was approx. 80%, except for the last research 

year, when this level was below 70%. Nevertheless, it should be remembered that the breaks time should also 

include the time spent on the changeover of the rolling mill, so that a wide range of products can be produced. 

However, some investments in modernization of the machine park is needed because there has been an 

increase in the number of defect. Such a careful approach to maintaining the machine park and thus ensuring 

the safety of employees can also be useful in other industries, e.g. industrial soldering [20], biotechnology 

[21,22] or laser machining [23,24]. It may be also used in similar approaches to decision support [25] and 

evaluation methodology [26,27]. 
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Abstract 

This article addresses the problem of supply chain management in the foundry industry. In the case of 

manufacturing companies assisting in the production process by external entities, it is important to consider 

cooperation starting from the settlement of raw materials or semi-finished products to the acceptance of 

production from a subcontractor along with the registration of the costs of service, transport and storage. 

Subcontractor's production plans should be included in the operational production schedule. The article solves 

a specific problem regarding cooperation with suppliers of alloying elements for the production of cast iron. 

A cast production, transport and storage plan has been developed so that the total costs of production, 

transport and storage are as low as possible. A mathematical model was formulated for this problem. An 

algorithm is presented to solve the problem of supplier selection. The proposed analysis is the starting point 

for an efficient business planning process, where it is required to transform information from various areas 

(sales, marketing and business partners) into a common set of planning data and indicators. 

Keywords: Metallurgy, supply chain management, linear programing, optimization, octave  

1. INTRODUCTION 

Supply chain management (SCM) is the art of improving ways of obtaining raw materials and products needed 

by a company to manufacture products or provide services, improve production itself and methods of delivering 

them to clients [1-3]. In the case of manufacturing companies assisting in the production process by external 

entities, it is important to consider cooperation starting from the settlement of raw materials or semi-finished 

products to the acceptance of production from a subcontractor along with the registration of the costs of 

service, transport and storage. Subcontractor's production plans should be included in the operational 

production schedule [4]. Cooperation in supply networks is perceived by many distribution enterprises as an 

opportunity for more efficient adaptation to changes of the environment. Its role in product distribution 

increases especially on very dynamic markets, with variable demand and a short product life cycle. It is so 

because for such markets it is adequate is to use the postponed production strategy and the shift of the last 

stage of production from industrial companies to distribution enterprises [5,6].  

In supply chain management, a large part of the planning process concerns the development of a set of 

measures to monitor the supply chain in terms of its efficiency and low costs, as well as high quality and value 

provided to clients [7]. A set of processes should be developed here for pricing, supplier selection and payment, 

and measures to monitor and improve supplier relationships. One should not forget about the processes of 

managing the inventory of goods and services received from suppliers, including processes related to the 

receipt and checking of deliveries, the transfer of deliveries to production departments, as well as the approval 

of payments to suppliers [8,9]. 

This article discusses modelling of cooperation from the perspective of groups of production and distribution 

enterprise for the needs of complex fulfilment of orders in the foundry industry. The study took into account the 

problem of selecting alloy suppliers for cast iron production in the production and logistics network [10]. The 
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research used the methodology used to solve the transport and production problem. The production 

transportation problem (PTP) is one of the very important problems in the continuous production industries 

such as petroleum industry. It deals with the problem of how to plan production and transportation in such an 

industry given several plants at different locations and large number of customers of their products. This 

problem has been addressed previously in the literature [11,12] and can be formulated as a linear programming 

problem. 

The model developed focuses on planning the production process in the event that the goods have not yet 

been produced and it is necessary to decide where to produce them and how to send them to recipients so 

that the total costs of production and transport (and possibly storage of surplus) are as low as possible. 

2. PRODUCTION TRANSPORTATION PROBLEM 

In the production transportation problem, the suppliers are the producers of the commodity, and the model can 

be briefly characterized as follows [13]: M producers of a certain homogeneous product, each of which has 

a production capacity of Ai(i = 1,...,R) of units of goods supply its production to N recipients. Each recipient 

reports the demand for Bj units (j=1,...,N). The total production capacity of the plant is assumed to exceed the 

total demand. Additionally, the data are cij - unit costs of transporting the goods from the i-th plant of the supplier 

to the j-th recipient, and pi - unit costs of production in the i-th plant. The goods have not yet been produced 

and it is necessary to decide where to produce them and how to send them to recipients so that the total costs 

of production and transport (and possibly storage of the surplus) are as low as possible. 

This problem can be solved by linear optimization where [14]: 

 set of decision variables for optimization tasks: 

� � W��, … , ��F XY              (1) 

 number of task variables: 

2 � 1, … , Z               (2) 

 objective function: 

P���                (3) 

 equality restrictions: 

ℎ���� � 0, J43 � � 1, … , 2�             (4) 

 inequality restrictions: 

R!��� � 0, J43 � � 1, … , 2F             (5) 

The transport and production task can be easily simplified by:  

a) the introduction of a fictitious customer - ON+1, which will represent the unused production capacity of 

individual producers and whose demand is the difference between the sum of the producers 'production 

capacity and the sum of the customers' demand, i.e. 

V[\� � ∑ % 	]^� ∑ V�[�^�              (6) 

b) constructing a matrix of total transport and production costs kij as follows: 

�� � � _ 0�  �J43 � � 1, … , `; � � 1, … , Z�           (7) 

�,[ _ 1 � 0 ��. /. 828N/J ��6J809�62 03�30�9L 06��/N�62JN 96 06N9N /7834 96 b/�6�.      (8) 

In the PTP task size xi,N+1 is the unused production capacity of individual producers. 
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3. RESEARCH PROBLEM 

A certain group of companies producing alloying additions must plan their production and supply of raw 

materials for foundries in order to obtain the highest possible profit by minimizing delivery costs. The suppliers 

are companies producing alloy additions for the production of cast iron. Three companies (Mi) supply four 

foundries (Nj) with additions. Production companies capacities (Ai), demand reported by foundries (Bj), unit 

transport costs (cij) from companies to the foundry, and unit costs of production of alloying additives in individual 

companies (pi) [PLN/Mg] are presented in Table 1. that factories will use their production capacity and store 

the surplus production for export. The unit storage costs in individual companies are: 5, 5, 6 PLN per Mg of 

alloying additions. An alternative optimization should also be made for the case where the production capacity 

of the companies is not fully utilized, and the companies will only produce as much alloying additions as the 

foundry needs. 

Table 1 Production companies capacities (Ai), demand reported by foundries (Bj), unit transport costs (cij)  

   from companies to the foundry, and unit costs of production of alloying additives in individual   

   companies (pi) 

Suppliers 
(Companies) 

Recipients (Foundries) 
Ai [Mg] pi [PLN/Mg] 

N1 N2 N3 N4 

M1 [PLN/Mg] 

M2 [PLN/Mg] 

M3 [PLN/Mg] 

50 

40 

60 

40 

80 

60 

50 

70 

70 

20 

30 

80 

100 

50 

80 

1080 

1060 

1100 

Bj [Mg] 40 60 50 50 
Σ230 

Σ200 
 

A production, transport and storage plan for alloying additions should be developed so that the total costs of 

production, transport and storage are as low as possible. This is an example of an open issue, because 

ΣAi = 230 > ΣBj = 200. Decision variables xij are the amount of alloying production of the i-th company 

(I = 1,2,3) delivered to the j-th foundry (j = 1,...,5), where xi5 being the number of castings that will remain in 

the warehouse of the i-th supplier. Before starting to build the model, you should determine the matrix of the 

total costs of production, transport and storage - kij. To the transport costs from the first company should be 

added the unit costs of alloying production in this company, i.e. 1080 PLN/Mg, to the transport costs from the 

second company - 1060 PLN/Mg and from the third - 1100 PLN/Mg. The elements of the fifth column will be 

the sum of production and storage costs in individual factories producing alloying additions. This matrix has 

the form: 

 for cases when companies will use their production capacity and store surplus production for export: 

�� � c1130 1120 1130 1100 10851100 1140 1130 1090 10651160 1140 1170 1180 1106k           (9) 

 or for a case in which the production capacity of the company is not fully utilized, and the company will 

only produce as much alloying additions as the foundry needs: 

�� � c1130 1120 1130 11001100 1140 1130 10901160 1140 1170 1180k          (10) 

The total costs associated with the delivery are described as: 

P���� � ∑ ∑ ��� ∙ ���m�^�n^� → ��2          (11) 
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This is an objective function, that should be minimized. The production capacity of the companies providing 

alloying additions, which are described by the following conditions for individual suppliers, should be taken into 

account here: 

��� _ ��) _ ��n _ ��p _ ��m �  100�)� _ �)) _ �)n _ �)p _ �)m �  50�n� _ �n) _ �nn _ �np _ �nm �  80           (12) 

and conditions for individual recipients (foundries): 

��� _ �)� _ �n� � 40��) _ �)) _ �n) � 60��n _ �)n _ �nn � 50��p _ �)p _ �np � 50��m _ �)m _ �nm � 30
            (13) 

In the latter condition, it was stated that 30 Mg (230-200) of alloying additions should be stored in total in three 

companies supplying alloying additives. 

The task defined in this way can be solved in the Octave environment [15]. This package is a computational 

environment that enables numerical and symbolic analysis. Thanks to the use of efficient numerical algorithms, 

it allows for quick and error-free solution of scientific and engineering problems. GNU octave is distributed 

under the terms of the GNU GPL. Octave is the free equivalent of the MATLAB environment, which is mostly 

compatible with it. The problem of choosing individual suppliers of alloying additions was solved using the glpk 

command. The GNU Linear Programming Kit (GLPK) is a software package intended for solving large-scale 

linear programming (LP), mixed integer programming (MIP), and other related problems [16]. GLPK uses the 

revised simplex method and the primal-dual interior point method for non-integer problems and the branch-

and-bound algorithm together with Gomory's mixed integer cuts for (mixed) integer problems [15]. 

4. ANALYSIS OF THE RESULTS 

After calculations, optimal quantities of alloy additions for individual foundries were obtained. Figure 1 shows 

the assignment of suppliers and foundries, and the volume of delivery, assuming that factories producing 

alloying additions will use their production capacity and store excess production for export. The lowest costs 

of planned production and delivery will occur when the M1 company supplies raw materials for the N3 and N4 

foundries, the M2 company for the N3 foundries, and the M3 company provides alloying additives for the N2 

foundry. In addition, M2 and M3 companies should use N5 for export to utilize their production capacity. In 

turn, if the companies did not decide to produce their production surplus to the warehouse, then the optimal 

distribution of deliveries, assuming minimal production costs, is shown in Figure 2. 

 

Figure 1 Optimal assignment of M suppliers to individual N foundries, in a situation when factories producing 

alloy additions will use their production capacity and store excess production 
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Figure 2 Optimal assignment of M suppliers to individual N foundries in a situation where the companies will 

not be fully used and will only produce as much alloying additions as the foundry needs 

 

Figure 3 Total costs from the implementation of the order program for the criterion of minimizing and 

maximizing costs 

Figure 3 presents a chart comparing the total cost of executing the order program for the two extreme cases. 

The first situation concerns the optimal solution when the costs are minimized. For comparison, the second 

shows the situation in which the costs were maximized.  

The ranking shows that in the case of the most unfavorable selection of suppliers, in this situation, it will lead 

to an increase in costs by more than 5.5 thous. PLN for the case when the companies will use their production 

capacity and the excess production to be stored and by 6.5 thous. PLN, when the companies will not be fully 

used and will only produce as much alloying additions as the foundry needs. 

5. CONCLUSION 

The proposed analysis is the starting point for an efficient business planning process, where it is required to 

transform information from various areas (operations, sales, marketing and trading partners) into a common 

set of planning data and indicators. 

At present, the approach towards matters of production process improvement must answer to contemporary 

developmental tendencies in a scope of company management in conditions of the market economy. Linear 

programming is one of the simplest ways to perform optimization. It helps solve some very complex 

optimization problems by making a few simplifying assumptions. It is possible to use the linear programming 

for the minimization of production costs as well as for the maximization of profits.  

The presented example can, by analogy, be widened to a large number of suppliers and customers, as well 

as to months. This mathematical model find application in many engineering problems e.g. the problem of 

optimal using stores, realization the cheapest order, etc. It seems that the accumulated insights and results 
obtained may be useful in many areas of industry and research where exact planning and synchronization of 
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processes are required e.g. assembly of electronic devices [17], biotechnology [18], surface layer treatment 

by nanopowders [19] and laser beam [20,21]. Some of ordering aspects probably should be considered in 

statistical model construction, because they may affect sampling schemes e.g. in ANOVA tests [22] or 

bootstrap resampling [23]. 
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Abstract  

Metal foundry, despite the progressing process of implementing new production technologies - still belongs to 

the fields characterized by a significant level of occupational risk. In metal foundries there is a significant 

concentration of harmful and arduous factors at many workplaces. The degree of work safety depends, among 

others, on the technology, raw materials and technical equipment used. The paper presents an analysis of the 

accident rate based on statistical data extended by own research and results obtained from the conducted 

expert interview. Based on the results obtained, the most important factors harmful to health were defined and 

an analysis of the causes of accidents at work in foundries was carried out. Ensuring adequate in terms of 

quality and safety is an important element of the management process not only in the purely human dimension 

but also in the economic dimension. 

Keywords: Quality, work safety, foundry, foundry processes 

1. INTRODUCTION 

Foundry next to construction [1] belongs to industries with increased occupational risk. During the entire 

casting production process, employees are exposed to dangerous, harmful and arduous factors that can cause 

occupational diseases and accidents at work. Foundry technological processes use various techniques and 

materials to make the model, mold and casting characterized by the diversity of their chemical composition 

and properties. The technological processes of making the casting used in foundries can pose a threat to the 

employee as well as to the environment. Most of the technological processes used in practice create problems 

at the workplace and for the environment. It is associated with the occurrence of: pollution, contamination, 

noise and other factors harmful to health and the environment. Epidemiological studies indicate an increased 

risk of lung and gastrointestinal, prostate, kidney and hematological cancers among foundry workers. The 

International Agency for Research on Cancer (IARC) concluded that there is sufficient evidence of a 

carcinogenic effect on people employed in the foundry industry and includes this industry as a carcinogen for 

humans - Group 1 [2]. The European Union includes technological processes in which there is exposure to 

polycyclic aromatic hydrocarbons present in carbon black, coal tar and coal tar pitch in processes that release 

carcinogens or mutagens [3]. 

The aim of the paper is to define the most important factors harmful to health and analyse the causes of 

accidents at work in foundries. 

2. HARMFUL FACTORS FOR HEALTH IN FOUNDRY 

In foundries there is a significant concentration of harmful and arduous factors at many workplaces. Depending 

on the type of foundry, technologies, raw materials, machinery and equipment used, this is due to: 
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 air pollution with dust: 

o respirable containing free crystalline silica and metal oxides, 

o containing carbon dioxide, sulfur dioxide and nitrogen oxides, 

o organic substances including polycyclic aromatic hydrocarbons, phenol, toluene and xylene 

derived from the addition of masses and binders. 

 noise, vibration, 

 high temperature, 

 significant energy expenditure of employees. 

Dust occurs during mass processing, forming, core making, punching, cleaning and finishing of castings - this 

is another important problem. The main component of dusts is free crystalline silica, which negative effects on 

the organisms of exposed workers must be assessed primarily from a medical point of view. In addition to the 

problems mentioned, there is also a factor in the form of: high labor intensity and arduousness in performing 

many operations [4,5] of the technological process of making the cast, e.g. regeneration and processing of 

molding and core sands, manual molding, melting, pouring liquid metal into the mold, breaking, cleaning and 

finishing castings. Foundry processes generate many hazards occurring both at the workplace and for the 

environment [6]. 

Molding and core sands used in production processes, the basic component of which is quartz sand and 

organic or chemical binder, after their use are transferred to the landfills of used foundries, and then to 

separated landfills. Because such masses often contain chemical compounds that are not indifferent to the 

environment, such landfills require special protection. Working environment conditions in the foundry are 

determined not only by the number of factors but also by the intensity of the given harmful factor. The most 

harmful is the occurrence of several factors at the same time - noise, vibration, dust and high temperature. In 

addition to the factors mentioned above, the work environment is also influenced by factors related to the 

organization of the workplace as well as the so-called internal logistics regarding the organization of transport 

routes inside the foundry. Common problems include maintaining order in the workplace, no 5S practices as 

well as poor lighting. Due to the nature of high concentration of technological processes and location and 

spatial requirements, there is a phenomenon of the spread of harmful factors between positions. The 

occurrence of these threats is often the cause of occupational diseases of employees in the foundry. The most 

common diseases are: 

 pneumoconiosis, 

 chronic bronchitis, 

 vibrating unit, 

 hearing damage, 

 respiratory tract infection, 

 skin diseases. 

According to the assessments presented by the National Labor Inspectorate, noise in the foundry industry is 

one of the largest industrial threats and accounts for 45 % of all threats. In second place, only 25 % is 

pollination, then 6 % toxic compounds, 7 % vibrations and 25 % are other factors of the working environment 

(mechanical hazards, lighting, microclimate, biological pollution, electromagnetic field, etc.). Machines and 

devices used in the foundry industry are the loudest of all industries. These are: shock molding machines, 

shock grates, drum cleaners, transport lines, ventilation systems, molding machines, compressed air 

discharge, grinding machines, etc. The average noise level for this group of machines is 90 to 125 dB (A) [7]. 

That is why the noise in foundries is, therefore, the most frequently exceeding the acceptable norms element 

of threat to the working environment. Its occurrence, which has been proven [8,9,10], contributes to a high 

number of accidents and injuries, sickness absence (including non-accidental absenteeism) and, moreover, 

economically most important - low productivity and quality of work [11,12]. Foundries differ not only in the 
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technology used but also in the organization of work. Figure 1 shows the general block diagram of foundry 

processes. At particular stages, we are dealing with a different level of occupational risk resulting from different 

levels of accumulation of harmful and dangerous factors. 
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Figure 1 Block diagram of foundry processes 

3. RESEARCH AND DISCUSSION 

Research on the state of occupational safety and hygiene in metal foundries was carried out in 2018 in metal 

foundries from the Śląskie and Małopolskie voivodships in Poland. Approval for testing was granted by 10 

foundries. Eight research subjects were classified as small and medium enterprises and two foundries into 

large enterprises employing over 250 employees. 

The research was divided into several areas: 

1) Analysis of recorded accidents and potentially hazardous events; 

2) Documentation analysis (training, occupational risk assessment, medical examination dates, workplace 

control documentation, machine and equipment maintenance documentation, etc; 

3) The actual state of the workplace and hygiene and sanitary facilities; 

4) Assessment of the state of knowledge regarding hazards and hazardous factors in the foundry (at work 

stations); 
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5) Level of monitoring and registration of harmful factors. 

In the second area, it was found that health and safety services in research facilities operate in accordance 

with applicable law. Employees of health and safety services conduct training in the field of health and safety 

for employees, assess occupational risk, control the dates of medical examinations, and carry out job control. 

In the investigated casts, there was no lack of health and safety training for employees, in the case of medical 

examinations, there was lack of 8 current medical examinations in one plant. All foundries have documented 

occupational risk assessments. There was no lack of health and safety instructions. Unfortunately, large quality 

gaps were found in the assessment of the risk as well as health and safety instructions. In the case of 

occupational risk assessment, the cards were prepared in a very general way without focusing on the given 

area of work. In many cases no harmful factors or the level of their permissible occurrence were given. In the 

case of health and safety instructions, there was no update compared to the actual state of the workplace, as 

many as 15 cases of outdated health and safety instructions/procedures were detected. The instructions 

referred to either non-existent devices or non-binding legal provisions. 

The factor affecting the existing state is the fact that persons developing risk assessment documentation and 

procedures have diverse knowledge and knowledge of regulations, which has a significant impact on the 

quality of such studies. It should be stated that the occupational risk assessment cards are not treated in the 

foundries analyzed as a tool for a permanent improvement of working conditions. Unfortunately, the practice 

of treating work cards as a formal requirement that is not subject to analysis and updating is common. With 

the update, we only have to act on the recommendations of control bodies as well as in the implementation of 

larger investments. 

In the third area, it was found that the condition of work rooms as well as hygiene and sanitary facilities meets 

the requirements of applicable regulations. In the case of workplaces, in several cases a condition was found 

that could directly contribute to a potentially dangerous event. The most common problem identified is blocking 

the transport / evacuation route and a permanent mess at the workplace. The reason for this is the lack of 

supervision over the employee, the lack of appropriate procedures and the low awareness of the employee 

about the effects of such a state on the level of safety. It has been found that the machines are not properly 

adapted to the minimum health and safety requirements regarding their use. This applies, for example, to 

mixers for molding and core sands as well as wood and metal processing machines. The most common 

problem is the lack of protection against contact of the employee with moving machine parts as well as the 

lack of adequate protection against contact of the employee with hazardous and harmful chemical substances 

(scald, corrosive).  

In the fifth area, it was found that all plants conduct research and measurement of harmful factors. The data 

provided reveals that in half of the foundries surveyed there is a problem with the implementation of the 

provision regarding the reduction of concentration and intensity to NDS value (maximum allowable 

concentration) and NDN value (maximum allowable intensity). In the case of two of the five foundries with the 

problem of exceeding the threshold limits, an investment program related to the change of technology is 

adopted. In the other three foundries, organizational and technical programs aimed at reducing harmful factors 

were not developed. These foundries are subject to the use of safeguards limited only to the protection of 

employees with personal protective equipment. In all foundries, employers comply with the provisions on 

employee equipment regarding clothing, footwear and personal protective equipment. In two cases only the 

lack of valid attestations/certificates for personal protective equipment was found. Unfortunately, the low level 

of knowledge of both employees and managers regarding health and safety regulations is alarming. As a 

consequence, shortcomings were found in the area of water rescue showers, lack of eye wash equipment, 

incorrect or lack of markings, safeguards and requirements for the crane. 

Based on the data obtained from the foundries tested and interviews with employees and management, it 

should be stated that not all potentially dangerous events and minor accidents are recorded. The following 
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structure of accidents and potentially dangerous events in percentage terms was found for the analyzed 

research group: 

 being hit, caught, crushed by machines and their parts, devices and tools (38 %), 

 burns - human contact with liquid metal and slag (19 %), 

 impact, crushing by material factors transported mechanically or manually (17 %), 

 impact, being crushed by a falling, spilling material factor (11 %), 

 fall from a height (7 %), 

 employee contact with hazardous and harmful chemic substances (7 %), 

 explosion, fire (1 %). 

Analyzing the structure of accidents and hazards potentially dangerous according to the seniority of 

employees, it was found that in nearly 40 % of cases, they were employees with a year and less seniority. The 

second group were employees with experience from 2 - 3 years. The main cause of accidents is improper 

behavior of the employee - It accounts for 50 % of all causes of accidents, then improper operation of 

machinery and equipment, which is about 11 %, technical condition of devices and inadequate covers or lack 

of covers 9 %, improper organization of the workplace is responsible for 6 % of accidents.  

The results obtained in the research coincide with the statistics of accidents for the group "metal production" 

in 2018 (statistical year). In Poland, 930 accidents were reported during this period, including two serious 

accidents and, importantly, no rare fatal accident was recorded. The cause of 767 accidents was the improper 

condition of the material factor, 507 improper organization of work, 588 improper organization of the workplace, 

1023 improper handling of a material factor by an employee, 237 lack of protective equipment, 717 improper 

arbitrary behavior of an employee, 103 improper psychophysical condition of an employee and 5102 improper 

behavior of an employee.  

4. CONCLUSION 

The reason is the sum of the conditions necessary to meet the specified effect. When determining the causes 

of accidents, analyzes of relationships between elements of the production process are carried out and the 

conditions that did not affect the occurrence of the effect are rejected. This problem is considered using the 

human-machine model, analyzing the factors that cause interference in its functioning. Improving working 

conditions in castings is not always due to long-term planning of their improvement. It often happens that the 

adjustment of working conditions is a phenomenon accompanying investments of a different nature. 
Nevertheless, along with the improvement of working conditions, the company benefits in other areas. In many 

cases, legal requirements cannot be included in investment plans. This is due to their different release and 

entry dates. In order to improve the safety of foundries, it is advisable to take preventive measures, in particular 

to increase the emphasis on proper preparation of production processes [13,14] and to properly carry out 

maintenance, inspections and repairs, and to increase management's interest in issues related to preparing 

employees for work. It is also advisable to introduce appropriate diagnostic and control measures [15]. The 

transformation 4.0 is a big challenge for the foundry industry, which is also entering the foundry industry 

[16,17,18]. Such approach may be useful in similar hazardous environments e.g. laser machining [19,20], 

biotechnology [21,22], alloys production [23,24] or waste management [25]. Mentioned risk factors should be 

taken into account in decision support systems [26,27] with additional uncertainty quantification and analysis 

[28,29]. 
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Abstract 

Based on the collaborative management theory of green supply chain, the aim of this paper is to establish the 

evaluation index system of coordination effect of steel enterprise green supply chain management from two 

aspects of economic performance and green performance. It selects Baosteel as the research object, 

evaluates the collaborative management of green supply chain by means of catastrophe progression method 

and coupling coordination degree model, and analyses the relevant data of enterprises from 2010 to 2019 

Management level and the synergistic effect of green performance development. The results show that 

although the overall performance is fluctuating in the past 10 years, its green performance and economic 

performance generally maintain a good level, and there is a certain space for improvement. 

Keywords: Green supply chain, iron and steel industry, synergy effect, catastrophe progression method, 

coupling and co scheduling 

1. INTRODUCTION 

Green supply chain is based on green manufacturing and supply chain management technology. The supply 

chain includes four groups including suppliers, manufacturers, distributors, and users. It aims to maximize the 

use of resources and minimize the impact on the environment in the process of material acquisition, 

processing, packaging, storage, transportation, use and disposal the damage. According to the data of China 

Iron and steel industry yearbook, China's iron and steel production accounts for about 50 % of the global 

production. Due to the high iron and steel production, the energy consumption is large, and there are many 

industrial wastes. Among them, the total emission of wastes accounts for 16 % of the national industrial waste 

emissions. According to relevant data, the comprehensive recovery and utilization rate of steel waste in China 

is about 58 %, far below the world advanced level of 98 %. 

Research on green supply chain of iron and steel includes types of iron and steel wastes [1], output, potential, 

value [2], transportation model [3], concept of Green Reverse Logistics in iron and steel industry [4], cost of 

collection and transportation [5], operation mode [6], performance evaluation of green supply chain 

management in iron and steel enterprises [7], supply chain planning [8], strategy and countermeasure [9], 

reverse logistics among high energy consuming industrial clusters [10], the evaluation and selection of the 

recovery mode of scrap iron and steel [11] and the efficiency of supply chain [12]. However, the research on 

the synergy of green supply chain collaborative management in iron and steel enterprises is still relatively 

weak. 

In the process of promoting circular economy, the green supply chain management of iron and steel 

enterprises should take themselves as the core, and study the synergistic effect of green supply chain 
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management from two angles of internal green manufacturing and external industrial environment governance, 

so as to maximize the comprehensive benefits of circular economy. Therefore, on the basis of the existing 

research results, this paper attempts to build a green supply chain synergy evaluation model for empirical 

research. 

2. EVALUATION MODEL OF SYNERGY EFFECT OF GREEN SUPPLY CHAIN IN IRON AND STEEL 

ENTERPRISES 

2.1. Concept of synergy evaluation of green supply chain in iron and steel enterprises 

Green supply chain management performance evaluation refers to the evaluation of the actual operation of 

the supply chain. According to the evaluation results, the advantages and disadvantages of the supply chain 

in the operation are found, and the existing problems in the supply chain are studied and improved plans and 

measures are put forward. The green performance of an iron and steel enterprise is the centralized 

embodiment of the collaborative operation results of each node enterprise in the implementation of green 

supply chain management. Taking Baosteel as an example, this paper evaluates its economic performance 

and green performance, and evaluates the synergy effect of economic performance and green performance 

of iron and steel enterprises with the question of whether Chinese iron and steel enterprises should sacrifice 

environment and waste resources while pursuing economic efficiency. 

2.2. Module analysis of internal and external green performance of iron and steel enterprises 

Under the theoretical background of circular economy, according to the classification of steel waste and non-

steel waste, this paper divides the green performance evaluation of steel enterprises after implementing green 

supply chain management into two evaluation modules: internal green performance and external green 

performance. Among them, the evaluation of internal green performance reflects the results of all kinds of iron 

and steel wastes returned from the downstream process to the upstream process for reprocessing and reuse 

in the production process of iron and steel enterprises [5]. The external green performance is the result 

evaluation of industrial environmental governance of iron and steel enterprises through various projects, 

technical improvement or introduction of energy-saving equipment [13]. The internal and external green 

performance evaluations of iron and steel enterprises reflect the achievements of green supply chain 

management. 

3. EVALUATION MODEL CONSTRUCTION OF COLLABORATIVE EFFECT OF GREEN SUPPLY 

CHAIN MANAGEMENT IN IRON AND STEEL ENTERPRISES 

3.1. Establishment of evaluation index system for synergy effect of green supply chain management 

in iron and steel enterprises 

There are two aspects in the synergy effect of green supply chain collaborative management in iron and steel 

enterprises, one is the synergy between economic performance and green performance, the other is the 

synergy between internal green performance and external green performance. Among them, the economic 

performance subsystem is composed of two parts: financial value index and output index; the green 

performance subsystem is composed of two parts: the internal green performance reflecting the recycling of 

iron and steel waste and the external green performance reflecting the degree of external environmental 

pollution of iron and steel enterprises. The specific evaluation index system of synergy is shown in Table 1: 
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Table 1 Evaluation index system of synergy effect of sustainable supply chain management in iron and steel 

enterprises 

3.2. Evaluation model construction of synergy effect of steel green supply chain management 

First, the data is standardized, and then the catastrophe progression method is used to evaluate each index 

layer, because this method does not need to calculate the weight of the index, but only considers the relative 

importance of each evaluation index to rank the indexes hierarchically, so as to reduce the subjectivity of the 

evaluation [14]. Finally, the coupling coordination model is used to evaluate the synergy among the systems. 

3.2.1. Index data processing  

In the above index system, there are both positive and negative indexes. In this paper, range transformation 

method is used to deal with the index dimensionless, and the value of the original data is converted between 

[0,1]. For positive indicators, set L� � AqrsAtuv �q�Atwx �q�sAtuv �q�to transform; for negative indicators, set L� � Atwx�q�sAqrAtwx �q�sAtuv �q� 
to transform. 

3.2.2. Evaluation using catastrophe progression method 

In this paper, catastrophe progression evaluation method is used to calculate the evaluation value of each 

index layer, that is, the normalization formula of catastrophe system is derived from the bifurcation point set 

equation of catastrophe system. When each control variable satisfies the bifurcation point set equation, the 

system will have a sudden change, which can be transformed into a catastrophe fuzzy membership function 

to obtain a normalization formula. 

 The normalization formula of cusp mutation is as follows：�; � 3�/), �U � y�/n 

 The normalization formula of swallowtail mutation is as follows: �; � 3�/), �U � y�/n, �D � 0�/p 

 The normalization formula of butterfly mutation is as follows：�; � 3�/), �U � y�/n, �D � 0�/p, �B � J�/m 

First-level index Second-level index Third-level index 

%�-Economic 
performance 

V�-Financial value 

z�- Net profits 

z)- Gross revenues 

zn- Total assets 

zp- Return on equity 

V)-Operation value 

zm- Crude steel output 

z{- Sales for commodity blank 

z|- Number of suppliers with environmental management 
certification 

%)-Green performance 

Vn-Internal green 
performance 

z}- Comprehensive energy consumption per ton of steel 

z~- New water consumption per ton of steel 

z��- Total amount of residual energy recovery 

Vp-External green 
performance 

z��- The emission of SO2 per ton of steel 

z�)- The emission of smoke and dust per ton of steel 

z�n- The emission of NOx per ton of steel 
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When using the normalization formula for evaluation, the indicators representing each level should consider 

the principle of complementarity and non-complementarity. If there is no obvious interaction among the control 

variables in the same indicator layer, the control variables in the same indicator layer are non-complementary; 

if there is obvious interaction among the control variables in the same indicator layer, the control variables in 

the same indicator layer are complementary. Then, according to the complementarity between the indicators, 

the principle of average value is adopted for the indicators of the complementary relationship, and the principle 

of "Minimax criterion" is adopted for the indicators of the non-complementary relationship, so as to get the 

comprehensive evaluation value of the previous level of indicators. 

3.2.3. Synergy evaluation 

Coupling coordination is a proper term in physics to describe the phenomenon that two or more subsystems 

of different properties in a system interact, influence, promote each other and even co evolve based on the 

connection of certain properties [15]. Evaluating based on the catastrophe progression method, the values of 

internal green performance and external green performance, as well as economic performance and green 

performance can be obtained. In order to evaluate the synergistic effect between the subsystems, the 

coordination degree (coefficient) model of the two systems is applied as in equations (1) and (2): 

z � � ��Aq����Iq�
����q�����q�� ���

)
                                                                                                                                           (1) 

� � �z � � , � � �P��� _ ���L�                                                                                                               (2) 

where: 

�  - the coordinated development degree of the system in the � year 

z   - the coordination coefficient of the two systems in the � year 

� - the comprehensive evaluation value of the subsystem in the � year 

z only represents the levels of the interaction between systems, and then introduces the coupling coordination 

model to reflect the coordination degree of the interaction between systems. 

�、� of the � year are the weight coefficients of the two subsystems (economic performance and green 

performance). Considering that the two subsystems play an important role in the sustainable development of 

the green supply chain of iron and steel enterprises, the weight coefficient of �、� is 0.5 each. 

4. EMPIRICAL RESEARCH 

4.1. Data sources 

In this paper, Baosteel Co., Ltd. is taken as the research object to evaluate the synergy effect of its green 

supply chain management from 2010 to 2019. The index data in this paper are from The sustainable 

development report of Baoshan Iron and Steel Co., Ltd in 2010-2019., The social responsibility report of 

Baosteel Group Co., Ltd. in 2010-2015., The social responsibility report of Baosteel Group Co., Ltd. in 2016-

2018. and The annual report of Baoshan Iron and Steel Co., Ltd. in 2010-2019. 

4.2. Evaluation of synergy effect of Baosteel's green supply chain management 

First, the original data is processed dimensionless to get the evaluation value. Before evaluating the 

performance of green supply chain in iron and steel enterprises, the catastrophe progression corresponding 

to each level of index lock should be determined first, and the corresponding normalization formula should be 

selected. Because the index data of green supply chain performance evaluation in the selected case is mostly 
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about the data in ten years, the data in 2010 is taken as an example to demonstrate the evaluation process 

here. 

The financial value V� consists of profit z�, total operating revenue z), total assets zn  and return on net assets zp. According to the principle of complementarity, the financial value indexes V� are as follows: 

But a non-complementary cusp catastrophe model is composed of financial value and operational 

performance. According to the principle of non-complementarity, the economic performance  is as follows: 

��� � A��� �⁄ \A��� �⁄ \A��� �⁄ \A��� �⁄
p � �.m{{}� �⁄ \�.)|�~� �⁄ \�.����� �⁄ \�.~n~�� �⁄

p � 0.5968. But a non-complementary cusp 

catastrophe model is composed of financial value V� and operational performance V). According to the 

principle of non complementarity, the economic performance %� is as follows: ��� � ��2�����/), ����/n� ���2�0.5968�/), 0.2961�/n� � 0.6665. By analogy, the performance evaluation and coordinated development of 

Baosteel's green supply chain management in 2010-2019 are shown in Table 2, and the performance 

evaluation results and coordinated development of internal and external green supply chain in 2010-2019 are 

shown in Table 3. 

Table 2 Performance evaluation results and coordinated development degree of internal and external green 

supply chain of Baosteel in 2010-2019 

Performance 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 

Internal 
performance 

0.6319 0.5747 0.2917 0.3102 0.2081 0.6118 0.6509 0.8701 0.9867 1.0000 

External 
performance 

0.1361 0.4104 0.6464 0.7145 0.7998 0.8980 0.9264 0.9522 0.9577 1.0000 

The 
development of 

internal and 
external 

coordinated 
performance 

0.3614 0.6823 0.5870 0.6044 0.4653 0.8376 0.8610 0.9526 0.9858 1.0000 

Table 3 Performance evaluation and coordinated development of Baosteel's green supply chain in 2010-

2019 

Performance 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 

Economic 
performance 

0.6665 0.7962 0.7738 0.7560 0.7183 0.3860 0.9124 0.9336 0.9528 0.9442 

Green 
performance 

0.5144 0.7431 0.5401 0.5570 0.4562 0.7822 0.8068 0.9328 0.9857 1.0000 

Overall 
performance 

0.8012 0.8923 0.8144 0.8228 0.7698 0.6213 0.9309 0.9662 0.9761 0.9717 

The 
development of 
economic and 

green 
coordinated 
performance 

0.7557 0.8763 0.7849 0.7916 0.7282 0.6764 0.9236 0.9660 0.9842 0.9851 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1299 

4.3. Analysis on the evaluation results of synergy effect of Baosteel's green supply chain 

management 

4.3.1. Analysis of internal and external green performance and synergy 

Combined with Figure 1 and Table 3, it can be seen that the fluctuation of Baosteel's internal green 

performance and the fluctuation of its economic performance converged during 2010-2019. The difference is 

that in 2014, Baosteel's economic performance was at a high inflection point, crude steel output was 44.5 

million tons, internal green performance was at the lowest level in ten years, and in 2015, it was also at a low 

inflection point of economic performance, with a crude steel output of only 36.11 million tons. The reduction of 

output and the firm's green supply chain management led to a significant improvement in its internal 

performance. It shows that the change of green supply chain management level and steel production affects 

the change of green performance. In the past decade, Baosteel's external green performance has been 

continuously improved. Since 2017, Baosteel's coordinated development of internal and external green 

performance has been in a high-quality coordinated state. 

 

Figure 1 Analysis of Baosteel's internal and external green performance and synergies in 2010-2019 

4.3.2. Baosteel performance system and synergy analysis 

From Figure 2, it can be seen that the economic performance of Baosteel from 2010 to 2011 was rising. 

However, combined with the original data, it can be found that behind the rise, there was a decrease in profits. 

It was because the total supply of steel in China increased by 9.9 % in 2011 compared with that in 2010, and 

the increase in supply led to a double drop in steel prices and corporate profits. The trend of profit decline 

continued to 2015. During this period, structural overcapacity of China's iron and steel industry, and in 2015, 

the overall economic development of China slowed down, the demand for iron and steel products declined, 

and the return on net assets of Baosteel in 2015 was only 0.9 %. Since 2016, China's domestic economy has 

gradually recovered. The steel market has benefited from the growth of domestic infrastructure, real estate 

and other industries, and the demand for steel products has increased. In 2017, Baosteel and Wuhan Iron and 

Steel Group Co., Ltd. merged to establish Baowu. Wuhan Iron and Steel became a wholly owned subsidiary 

of Baosteel. After the merger, Baosteel's return on net assets reached the highest 12.7 % in 10 years. 
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Figure 2 comprehensive performance and synergy evaluation of Baosteel's green supply chain  

in 2010-2019 

In the past ten years, the fluctuation of the total performance was similar to the economic performance of the 

enterprise with a smaller amplitude. Combined with the previous analysis of the internal and external green 

performance and coordination degree of the enterprise, before 2014, the green performance of the enterprise 

was affected by certain economic performance, and the level of green supply chain management was lower 

than now, and the overall green performance showed a fluctuating trend. However, even in the context of 

increased production capacity and decreased profits in 2010-2015, the green performance of enterprises has 

not decreased much. With the improvement of economic performance, enterprises have more resources to 

invest in the construction of green supply chain and environmental governance, and the speed of green 

performance improvement is obvious. As can be seen from Figure 2, Baosteel's coordinated development of 

economic performance and green performance fluctuates most steadily, which shows that Baosteel has not 

slowed down the construction of green supply chain and relaxed the requirements for green performance due 

to the reduction of economic performance. In 2016-2019, the synergy value of enterprises has been above 

0.9, which is in a high-quality coordination state. 

5. MAIN RESEARCH CONCLUSIONS 

The circular economy management of high energy consuming enterprises generally goes beyond its own 

scope, and the synergy evaluation of green supply chain management of iron and steel enterprises should be 

carried out from the two aspects of economic performance and green performance, internal green performance 

and external green performance. The establishment of synergy evaluation index is conducive to improve the 

enthusiasm of enterprises to strengthen the collaborative management of green supply chain, analyse the 

collaborative level of internal and external green development of iron and steel enterprises, and promoting the 

process of green collaborative development of iron and steel enterprises; from a macro point of view, it is an 

objective need to evaluate the implementation of circular economy strategy and innovation driven strategy in 

China's iron and steel industry, and to promote the construction of green supply chain collaborative 

management system in the whole iron and steel industry. The application of the collaborative effect evaluation 

model of green supply chain management in Baosteel case shows that the model can better analyse and 

reflect the situation and level change of green supply chain management based on an enterprise. 
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Abstract  

The transition of the most developed countries’ societies to a new phase based primarily on the creation, 
dissemination and use of knowledge, i.e. innovative development, has become a typical feature of modern 
economies. Activating innovation requires fundamental changes in the structure of social production and 
education and in the system of management and organization as well as the coordination of activities, the 
exchange of information, the mutual interaction of enterprises and the transfer of technologies. 

The effective and controlled mutual cooperation of selected international scientific organizations, scientific and 
research centres and companies leads to reduced costs of product innovation through the use of synergies 
from the mutual cooperation of participating entities, creating an effective environment for sharing and 
disseminating knowledge, optimizing business processes and streamlining the subject of the innovation 
process. The article presents the outputs of the project, the aim of which is to analyze the mutual cooperation 
of selected entities in reducing the cost of developing innovative technology of the electrolysis process at work 
in the Russian Federation through an association of entities mentioned hereunder 

Keywords: Metallurgy, electrodeposition, business combination, innovative development, engineering 

1. INTRODUCTION 

A characteristic feature of modern economic development in any area of activity is the transition of the most 
developed countries to a new phase of forming an innovative society - building an economy based primarily 
on the creation, dissemination and use of knowledge, i.e. innovation development [1].  

At present, there is an increasing emphasis on the effective management of industrial enterprises as well as 
on innovation, as these are becoming key conditions for success in the knowledge economy. The changing 
demands and expectations of customers, the presence of competition, new developments in technology, a 
favourable legislative environment and increasingly globalized and dynamic markets - these are all factors that 
create opportunities for innovation. Innovation can reduce production costs, gain new markets and increase 
competitiveness. It creates profits, new jobs, and an increased share of the market, thus becoming a driving 
force of business performance. In addition to streamlining production, reducing costs and increasing product 
quality, companies are also forced to analyze new possibilities for obtaining important data not only from their 
own, but also from external systems. Activating innovation requires fundamental changes in the structure of 
social production and education and in the system of management and organization as well as the coordination 
of activities, the exchange of information, the mutual interaction of enterprises and the transfer of technologies. 

In order to streamline the innovation process, thus reducing the costs of product innovation and the production 
process, industrial companies can use the synergetic effect resulting from mutual cooperation with selected 
international scientific and research centres and universities.  
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Developing an innovation strategy that relies heavily on university-industry (UI) collaboration is a widely used 
strategy in developing countries to compensate for firms' limited internal R&D capabilities [2]. Universities play 
a strong role in building China's national innovation capacity [3]. The impact of university-industry (UI) 
collaboration on business innovation efficiency was analyzed using peer panels of 443 innovative companies 
in China between 2008 and 2011. The results show that UI collaboration has a positive impact on business 
innovation efficiency, has different effects at different stages and innovation processes and egional institutional 
factors mitigate the effects of UI cooperation on innovation effectiveness. However, the conclusions of the 
analysis show that the results are based on a survey of innovative companies and therefore any generalization 
of the findings contained in this study must be careful and needs to be further explored [4].   

Czech industrial companies continue to lag behind the European Union countries in quality, equipment, 
effectiveness or innovation. For that reason, some operational programmes have been opened to help 
industrial firms achieve the above goals. In particular, this concerns the Operational Programme Enterprise 
and Innovation for the period 2007-2013 [5]. In the Czech Republic, the competence centres serve for long-
term research cooperation among industry, research institutes and universities. The Czech competence 
centres were supported in 2012 by the Czech Technology Agency. Due to the short history of the Czech 
competence centres, it is not possible to evaluate the impact of the Programme. In the first phase, collaborative 
projects should produce new patents, proven technologies, utility models, industrial designs and prototypes. 
Subsequently, these results should be transformed into new innovations with market potential [6]. 

There has been a sharp decline in the level of economic development in the Russian Federation as a 
consequence of the 2013-2014 sanctions, as many industries are heavily dependent on imported components. 
In this respect, developing the industry, strengthening links with foreign partners and creating innovative 
structures that make international cooperation easier, faster and more efficient have become important 
prerequisites [7]. 

The main role of an innovation ecosystem in the metallurgical industry in Russia is to facilitate the sharing of 
knowledge between the innovation ecosystem’s actors, expressed by all respondents. The knowledge shared 
can originate from universities and research institutions [8]. The development of the Russian systém of higher 
metallurgical education is the key element in the development of the sectoral innovation system as it provides 
the sustainable increase in the international competitiveness of the Russian steel industry in the long run [9]. 

The article presents the outcomes of the planned project, the aim of which was the analysis of the possible 
mutual cooperation of selected entities - a Chotkovo enterprise for the production of innovative paints and 
varnishes, Dmitry Mendeleev University of Chemical Technology of Russia (MUCTR) and a RUSSIAN 
HELICOPTERS holding, to reduce the cost of developing innovative technology of the electrolysis process at 
work in the Russian Federation. 

2. PROBLEM FORMULATION  

The most common method of coating metal surfaces in some Russian companies is the method of anodic 
electrodeposition. In the modern electrolytic deposition technology there is a transition from the anodic to the 
cathodic method of deposition including the treatment of coating systems with highly dispersed additives of a 
polymeric and non-polymeric nature. The cathodic electrodeposition (cataphoresis) is a modern industrial 
production process for the protection of steel structures against corrosion in an electrolytic bath [10].  

The technological diagram of applying the deposited material by cataphoretic electrodeposition is shown in 
Figure 1. 

Innovating the cataphoretic deposition technology process in Russian companies (where the anodic 
electrodeposition technology is commonly used) consists mainly in developing a new electrolytic bath, which 
forms part of the whole cathodic electrodeposition industrial line. However, the desired innovation of the 
electrolysis process requires the extensive investment and cooperation of a large number of experts from the 
engineering, metallurgy and chemistry fields. 
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Figure 1 Diagram of industrial cataphoretic electrodeposition line [10] 

To find a solution to the aforementioned problem in a specific company (the enterprise for the production of 

innovative paints and varnishes NPO LKP Chotkovo), it was proposed to establish an "ENGINEERING 

CENTRE", which could effectively use the synergy effect of the mutual cooperation of selected cooperating 

entities to achieve significant financial and time savings in solving the innovation of electrolytic deposition 

technology. 

3. EXPERIMENTAL PART 

In solving the task related to the required innovation of the electrolysis technology process in the particular 

enterprise, a network group of cooperating entities was created according to a plan. Three key entities were 

selected to participate in the innovation of the electrolysis process and the creation of a joint "Engineering 

Centre", namely the enterprise for the production of innovative paints and varnishes NPO LKP Chotkovo, 

Dmitry Mendeleev University of Chemical Technology of Russia (MUCTR) and the Russian Helicopters 

holding. The plan of the organizational and managerial model of the selected scientific and research 

organizations and companies participating in the planned innovation of the electrolysis process technology 

within the planned model of the "Engineering Centre" presented in the form of a structural matrix is shown in 

Figure 2. 

 

Figure 2 Structural matrix of the planned innovation "Engineering Centre" model  
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It can be assumed that the process of innovation of the electrolysis process technology within the created 

model of the "Engineering Centre" can proceed more efficiently, because it will optimize the management 

processes of all business and innovation activities, simulate financial flows and, above all, create an effective 

environment for sharing and disseminating knowledge and conditions for the use of the synergetic effect 

gained from the mutual cooperation of the participating entities and also to respond operatively and effectively 

to possible changes and deviations from the planned course of activities. 

The process of participation of selected cooperating entities within the "Engineering Centre" model including 

the process of development, purchase and implementation of innovative electrolysis process technology 

applied for the need of the RUSSIAN HELICOPTERS holding is presented in Figures 3, 4 as an individual 

process as well as in the form of comparing the process with the newly created "Engineering Centre" model. 

 
Figure 3 Comparison of the process of innovation of the new electrolysis process technology for the needs 

of the RUSSIAN HELICOPTERS holding applied individually by the holding (shown on the right) and using 

the proposed model of the "Engineering Centre" (shown on the left) - part 1 

If the innovation of the electrolysis process technology was resolved individually for each company of the 

RUSSIAN HELICOPTERS holding, the total costs incurred for the entire RUSSIAN HELICOPTERS holding 

would amount to 250 million Rubles, as opposed to the cost, almost four times lower, allocated for the 

development of the aforementioned technology by using the synergic effect of cooperation of the chosen 

scientific-research organizations and individual businesses in the context of the "Engineering Centre" model 

(investment of 250 million Rubles   x   investment of 55 million Rubles).  

As part of the calculations related to the evaluation of the efficiency of the planned "Engineering Centre", the 

part-time spent basis and financial resources related to the innovation of the electrolysis process were also 

quantified, see Table 1. The table shows the partial activities and their financial evaluation and duration of 

each activity for a specific innovation under specific conditions of the companies cooperating within the 

modelled "Engineering Centre”. 
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Figure 4 Comparison of the process of innovation of the new electrolysis process technology for the needs 

of the RUSSIAN HELICOPTERS holding applied individually by the holding (shown on the right) and using 

the proposed model of the "Engineering Centre" (shown on the left) - part 2 

Table 1 Components of the process of transition to a new technology 

Process of electrolysis technology process innovation - cataphoretic deposition technology: 

1. Development of a new coating material for cataphoretic 
deposition technology 

6 months 10 mill. Rubles 

2. Technology development  3 months 10 mill. Rubles 

3. Creating technological equipment 3 months 25 mill. Rubles 

4. Cathode power supply test production 6 months 5 mill. Rubles 

5. Introduction of innovative technology in a specific 
company  

4 months 15 mill. Rubles 

From the results of the performed analyses it can be stated that activities 1-5 can be effectively performed 

within the modelled "Engineering Centre”. Only activity 5 must always take place separately in each company 

of the Russian Helicopters holding. 

4. RESULTS AND DISCUSSION  

In assessing the concept of a joint "Engineering Centre" model on the example of electrolysis process 

innovation, we concluded that the creation of the "Engineering Centre", where scientific and research 

organizations and companies work together through information and knowledge sharing is highly effective due 

to the synergy effect resulting from a joint action of cooperating entities through which significant financial and 

time savings can be achieved. 

A coordinating organization (the “Engineering Centre” model in the analyzed case) created on the basis of the 

structural matrix thus allows the identification of overlapping areas of activity of enterprises and cooperating 

scientific and research organizations and finding the optimal solutions to the innovation process effectively and 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1307 

quickly while reducing the costs of product innovation and production processes. For the successful operation 

of the "Engineering Centre" model, it was necessary to create a single information and computing node for 

structuring and distributing the tasks of participants in innovation projects and processes in production areas, 

which allowed monitoring processes in the economic, logistics and management areas. 

It can be assumed that if a real coordinating organization were built on the basis of the "Engineering Centre" 

model which would provide professional services and apply the outputs of scientific and research activities of 

the involved scientific and research organizations to solve specific problems of industrial practice of  several 

enterprises en block, including interactions, it would make it possible to stimulate the growth of the 

development of industry as a whole, as well as to increase the role of technical universities as key sources of 

the scientific base and sources of innovation.  

The performed analyses also showed that while there are conditions that lend themselves to the development 

of scientific and technical cooperation of scientific and research centres and universities with industrial 

enterprises in the territory of the Russian Federation, they are not ideal. The results of the analysis also show 

that Russian companies have many advanced innovations in material technology, but due to legislative, legal 

and international restrictions and sanctions, complicated public procurement procedures and the inactive 

participation of many organizations, it is very difficult for Russian companies and research organizations to 

establish effective cooperation with foreign partners. 

In Russia, interaction and effective cooperation with foreign companies, research centres and universities is 

addressed individually, mainly due to the applicable legislative and legal conditions in the Russian Federation 

and problematic international relations. The process of solving the cooperation is very demanding in terms of 

time and finances and in many cases does not ultimately lead to the creation of an effective environment for 

the sharing and dissemination of knowledge and the use of a synergistic effect from the mutual cooperation of 

the participating entities. 

5. CONCLUSION 

At present, there is an increasing emphasis on the effective management of industrial enterprises as well as 

on innovation, as these are becoming key conditions for success in the knowledge economy. The changing 

demands and expectations of customers, the presence of competition, new developments in technology, a 

favourable legislative environment and increasingly globalized and dynamic markets - these are all factors that 

create opportunities for innovation. 

The results of analyzes also show that Russian companies have many advanced innovations in the field of 

material technology, with a focus on the use of paints and varnishes to protect materials against corrosion. But 

due to legislative, legal and international restrictions and sanctions, complicated public procurement 

procedures and the inactive participation of many organizations, it is very difficult for Russian companies and 

research organizations to establish effective cooperation with foreign partners. 

A higher level model is being prepared as part of the solution, which will enable conceptual cooperation not 

only between selected entities from the metallurgical, engineering and chemical industries in the Russian 

Federation, but also as a combined involvement of several other countries (cooperation is planned between 

the Czech Republic and Germany) to make the most of the synergy effect of cooperation in innovation, while 

respecting the specific conditions of each country. We assume that the proposed model will be able to relatively 

accurately define the possibilities and limitations of cooperation of individual stakeholders so as to maximize 

the synergy effect of innovation cooperation while respecting the specific conditions of each country, including 

legislative, legal and economic differences. 

From a practical point of view, the proposed model will especially be beneficial because it will allow to quantify 

the potential economic resources spent on the development of the subject of the innovation process before its 

start in a company and subsequently initiate effective cooperation with selected international scientific and 
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research centres and educational institutions to effectively implement scientific research and development 

activities focused on permanent cooperation in innovation and the transfer of technology. 
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Abstract 

The article presents a statistical approach to the results of non-conformities of steel round bars over 12 months. 

Basic statistical measures, Pareto-Lorenz diagram, histograms, box plot, picture charts as well as correlation 

analysis were used to present the distribution of data regarding the number of non-conformities and 

dependencies in the analyzed data in a system according to the type of non-conformities found and in the time 

system - according to the examined months. The study aimed to analyze and discover statistical dependencies 

in the data on the number of non-conformities. An analysis was also made of the relationship between the 

factors affecting non-conformities and selected non-conformities, and activities for reducing non-conformities 

were identified. The share of identified non-conformities concerning the volume of production in the annual 

period was 0.25%. A large diversity of data on non-conformities in individual months of the analysis was 

indicated. The dominant non-conformities over 12 months were wrinkle scratches, bar skewness and scratches 

due to rolling mill, while the critical month with the largest number of non-conformities was September, with 

the total number of non-conformities in the months examined being varied slightly. A lot of valuable information 

was obtained about the structure of steel round bars non-conformities. Statistical data were analyzed using 

the Statistica 13.0 program from TIBCO Software. 

Keywords: Metallurgy, steel round bars, non-conformities, statistical analysis, Statistica software 

1. INTRODUCTION 

A non-conformance (or 'non-conformity') is a condition of a feature that means that the requirement has not 

been met [1]. The non-conformance could be in a service, a product, a process, goods from a supplier, or in 

the management system itself. To speak about non-conformity, it is necessary to have a reference criterion (a 

document specifying the requirements for the non-conformance object/service) and proof of non-conformity 

[2]. Non-conformity and non-conforming products it is not the same. The mere occurrence of a non-conforming 

product does not have to qualify it as a non-conforming unit. A non-conforming unit is a product that has a 

greater number of non-conformances (the intensity of non-conformance) than the allowable one, or a defect, 

i.e. a non-conformance, which does not allow the product to be fully usable. Every defect is a non-conformity, 

but not every non-conformity is a defect [3]. In the Six Sigma methodology, the basic measured value is the 

number of non-conformities (not the number of non-conforming units) detected in the production batch. The 

consumption of labor, materials, parts, and machines does not increase proportionally to the number of non-

conforming units, but to the non-conformances (because they are repaired), so measures based on the number 

of non-conformances give a closer view about the costs of quality [4]. Modernly managed enterprises focus 

on the elimination of so-called "hidden factories", i.e. the phenomenon of the emergence of new, unofficial 

processes and systems that are used to repair the non-conformances that arise during the production process 

without registering this fact. Hidden factories bring with it productivity losses and additional costs that should 

be reduced. Therefore, the challenge is to produce good products the first time [5], which is not easy to achieve 

due to the multitude of factors affecting the quality results of the process, disrupting production without defects 

[6]. To achieve this goal include among others: error-proofing processes and solutions (jap. Poka-Yoke) are 
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designed and implemented, standardization is carried out, effective preventive measures are taken and a 

continuous improvement process is carried out. 

The product non-conformance analysis may concern quantitative and qualitative aspects [7]. In quantitative 

(valuable) terms, non-conformities are analyzed mainly due to the number of occurrences in the period 

considered, or the costs associated with them (internal and external). This analysis provides the basis for 

identifying critical non-conformities that should be eliminated first. Classic and modern quality tools are used 

as analysis tools [8], e.g. Pareto-Lorenz diagram, ABC method, matrix diagram. In terms of qualitative 

(descriptive) non-conformities are analyzed mainly due to their causes and effects, their origin (6M + E), root 

causes to determine appropriate remedial actions (limiting or eliminating their occurrence). The analysis tools 

are e.g. the Ishikawa diagram (4M), the 5WHY method, the FMEA method, the A3, 8D, QRQC, Quick Kaizen 

report, i.e. tools and methods for analyzing and improving quality [9]. The analysis begins with a thorough 

knowledge and description of the case of non-conformance (5W1H, 5G). The more information about non-

conformity is known, the better they can be managed (reduced and eliminated). Quantitative data on cases of 

identified non-conformance, properly analyzed can say a lot about the nature of quality problems. For this 

purpose, it can be used statistics, and more specifically statistical analysis, which aims to detect regularities in 

the data obtained, determine their nature, discover basic patterns, relationships, or trends, and draw the right 

conclusions useful in science and practice [10]. Statistical visualization by fast, interactive statistical analysis 

and exploration capabilities with a graphical interface can be used to better understand any type of data, 

including qualitative data. Statistical analysis will not solve the problem but will let know the problem better. 

This knowledge can then be successfully used to improve a given problem area. 

The aim of the article is a statistical analysis of non-conformities of round bars for quality improvement. Data 

on non-conformities of steel bars for a period of 12 months were analyzed using less and more advanced 

statistical analyzes. For statistical analysis and graphic interpretation of results, Statsoft 13.0 software was 

used. 

2. RESEARCH METHODOLODGY 

The examined object is a metallurgical plant with over 185 years of Polish metallurgy tradition specializing in 

the production of rolled and forged-rolled products. Among the numerous assortment of the smelter, the most 

important can be distinguished: pipe and forging slabs, billets for forging, pipe and cylinder bars, round bars, 

flat bars, head sections, angles, channel bars, hoops, rings, and forgings. The production volume classifies 

the steel mill to medium-sized steel mills, while the manufacturing assortment makes the steel mill an important 

plant in the supply of steel products to the machine-building, shipbuilding, construction, and many other 

industries, both on the domestic and foreign market. 

The subject of research is to analyze the quality problems (non-conformities) in the manufacturing system of 

metallurgical products - round bars. The research aim is to determine what statistical relationships can be 

found by analyzing data on the number of round bars non-conformance in monthly and annual terms. Round 

bars are made in the tested steelworks as hot-rolled with 25 dimensions (90 ÷ 250 mm) and 5 tolerances (± 

1.3 ÷ ± 3.0) (according to EN 10060). The deviation from straightness is a maximum of 0.25 % of the measured 

length. Round bars are made of carbon and alloy steels according to EN 10025; EN 10083; EN10084; EN 

10273, DIN 17243, and others agreed when ordering. The share of the tested steel mill in the domestic 

production of rolled round bars with a diameter of over 90 mm is estimated at 45 %. In the production of rolled 

round bars with a diameter of over 150 mm, the tested steel mill is the only domestic producer. 

The data for statistical analysis were taken from the quality control department at the steel mill. 10 types of 

bars non-compliance were found and assigned to them from N1 to N10, where: N1 - Section or matrix overfill, 

N2 - Section or matrix unfilled, N3 - Bar twist, N4 - Bar corrugation, N5 - Skewness of the bar, N6 - Incorrect 
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dimensions, N7 - Wrinkle scratches, N8 - Cracks of rolling origin, N9 - Scales, N10 - Bar ovality. Out of 1,250,600 

manufactured bars, 3,144 were identified in which the non-conformities were (0.25 %). 

The following statistical analyzes were carried out for the research objective: 

 basic statistical measures were used, i.e. mean x , median Me, first quartile Q1, third quartile Q3, range 

R, standard deviation s, coefficient of variation Vs [10], for a synthetic description of the structure of non-

conformances of bars according to their type and according to the examined months; 

 categorized picture charts, i.e. Chernoff's faces, were used to visualize hidden systems of 

interrelationships between individual types of non-conformities and between the months studied. 

Shapes and sizes of individual facial features were assigned relative values of the number of all non-

conformities in a given month (time analysis) or the value of occurrence of a given non-conformities in 

subsequent months (analysis by types of non-conformity). Facial features representing individual 

months / non-conformities are January / N1: face width, February / N2: ear height, March / N3: half-face 

height, April / N4: eccentricity of the upper half face, May / N5: eccentricity of the lower half face, June / 

N6: nose length, July / N7: location of the middle of the mouth, August / N8: the curvature of the mouth, 

September / N9: mouth length, October / N10: height of the ear line, November: skewed eye, December: 

eye tilt; 

 a histogram and a box-plot of median - quartiles - range were used to graphically illustrate the 
relationship between the location, dispersion, and shape of the data distribution regarding the number 

of non-conformities over the entire study period (1 year); 

 Pareto-Lorenz diagram was used to indicate critical (the most occurring) non-conformities throughout 

the entire research period (1 year); 

 Pearson's correlation coefficient and correlation table were used to determine the direction and strength 

of the relationship between all non-conformities at the significance level α = 0.05.  

3. RESULTS 

The results of the analysis of basic statistical measures for the data set regarding the number of non-

conformities over 12 months, broken down by type of non-conformities are presented in Table 1. 

Table 1 Statistical measures of the data set regarding steel bars non-conformities within a period of 12 

months - analysis by type of non-conformities 

Symbol 
Descriptive statistics 

Sum x  Me Min Max Q1 Q2 R s Vs 

N1 225 18.75 14.5 3 55 6.5 28 52 15.66 83.50 

N2 178 14.83 11.0 3 30 8.0 25 27 9.23 62.24 

N3 195 16.25 14.5 5 34 8.5 22 29 10.06 61.88 

N4 342 28.50 27.5 4 55 16.5 39 51 16.10 56.49 

N5 469 39.08 17.0 5 107 8.0 68 102 39.02 99.85 

N6 324 27.00 19.0 7 66 9.5 45 59 19.58 72.53 

N7 476 39.67 30.0 5 108 20.0 48 103 33.67 84.89 

N8 440 36.67 29.5 3 105 17.0 53 102 28.13 76.72 

N9 248 20.67 19.0 2 45 16.0 24 43 10.21 49.40 

N10 247 20.58 23.0 1 34 12.5 29 33 10.44 50.72 
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The average number of non-conformities in the 12 months examined was the highest for N8 (36.67), the lowest 

- N2 (14.83). The largest dispersion of the number of non-conformities was recorded for N7 (103), N5 (102) and 

N8 (102), the smallest - N2 (27). The average variation of the number of non-conformity around the mean value 

was the highest for N5 (39.02), the smallest - N2 (9.23). The relative variation of the number of non-conformity 

were the largest for N5 (99.85 %), the smallest for N9 (49.40 %). Analysis by time showed that the month with 

the highest average number of non-conformities was September (26.60), with the lowest - October (25.90). 

The largest dispersion of the number of occurrences of 10 non-conformities was recorded in the months of 

December (104), February (103), and April (102), the smallest in June (41). The average variation of the 

number of non-conformities around the mean value was the highest in December (31.15), the lowest in June 

(15.72). Relative variation was the largest in December (119.8 %), the smallest - in June (60.46 %). 

The result of the analysis using Chernoff's face for data regarding non-conformities depending on the time (by 

subsequent months) and types of non-conformities is shown in Figure 1. 

                     

Figure 1 Chernoff's faces for the analysis of the number of non-conformities by months (left) and by types 

The face analysis by month shows that the month of December, depending on the number of non-conformities 
N8, is completely unlike other months. It is represented by a face with a completely different mimicry than the 

others. This face is smiling, which means that the number of N8 non-conformity this month was the largest. 

The fact that the face is smiling does not mean that it is good, it just means that for a given case the variable 

has large values - in turn, "much" does not mean "good" in this case (non-conformities are analyzed). In turn, 

the month of October is represented by a relatively smallest face (the number of occurrences of non-

conformities this month was the lowest). The face analysis by types of non-conformities shows that N7 non-

conformity was the most frequent within 12 months (largest face) and N2 the least frequent (smallest face). 

During the entire study period (12 months), 3144 cases of non-conformances were identified. The average 

number of occurrences of non-conformances each month is 27, the maximum number is 108 (February, N7), 

the minimum is 1 (December, N10), i.e. the range was 107. The number of non-conformities found differs on 

average from the mean by ± 22.79. Therefore, there was a large variation in the number of non-conformities 

throughout the period considered. 

The box plot (Figure 2) indicates that 50% of cases of non-conformities are in the range 10-33. 50 % of the 

number of non-conformities were greater than 20 and 50 % smaller. Outliers and extreme values are visible. 

Extreme values occurred in February (N7-108) and in April (N5-107), with outliers in March (N5-80), January 

(N7-102) and October (N5-102). The histogram (Figure 2) of the distribution of the number of non-conformities 

is right-sided asymmetrical with the "hole". Most cases of non-conformities were between 0 and 10 (35). This 

is the desired behaviour of the distribution of the number of non-conformities (the less, the better), but with the 

January February March April

May June July August

September October November December

N1 N2 N3 N4

N5 N6 N7 N8

N9 N10
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greater the decrease the better. In the analyzed case, the distribution of the number of non-conformities covers 

as many as 9 categories. 

       

Figure 2 Histogram and box plot for the number of non-conformities of round bars over a period of 1 year 

An analysis was made using the Pareto-Lorenz diagram to indicate critical non-conformities over a 12-month 

(Figure 3). The analysis shows that critical non-conformities are non-conformities marked with N7, N5, N8 and 

N4. Their cumulative share is 54.93 %. These are non-conformities that should be eliminated first. 

   

Figure 3 Pareto-Lorenz diagram of the steel bars non-conformities structure (left) and correlation table 

The correlation analysis allowed to indicate statistically significant correlation relationships (p <0.05) between 

4 pairs of non-conformities: N1 and N2 (-0.70), N1 and N6 (0.68), N2 and N8 (0.63) and N3 and N4 (0.60). As the 

number of 'section overfill' non-conformities increases, the number of 'section unfilled' non-conformities (and 

vice versa) decreases significantly. The more cases of one non-conformity, the less the other in the months 

under consideration. These non-conformities, although they have common causes, are caused by different 

rolling temperatures (too high - N1, too low - N2), different section size (too small - N1, too large - N2) or incorrect 

shape of the charge [11]. With the increase in the number of non-conformity such as 'section unfilled', the 

number of 'cracks of rolling origin' increases (0.63). One of the reasons for 'cracks of rolling origin' is that the 

section is not filled. As the number of 'bar twist' non-conformities increases, the number of 'bar corrugation' 

non-conformities increases. These non-conformities have common causes in the examined steelworks, which 

include: bad attitude of the rollers, poor condition of the rolling mill, improper organization of work, insufficient 

qualifications of technical service. 
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  N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 

N1 1.00          

N2 -0.70* 1.00         

N3 -0.46 0.42 1.00        

N4 -0.44 0.30 0.60* 1.00       

N5 -0.28 0.06 -0.04 -0.24 1.00      

N6 0.68* -0.19 -0.37 -0.34 -0.19 1.00     

N7 0.23 -0.52 -0.38 -0.05 -0.45 -0.36 1.00    

N8 -0.42 0.63* 0.13 0.16 -0.54 -0.10 0.03 1.00   

N9 0.06 -0.31 -0.17 -0.39 0.25 -0.04 -0.01 -0.49 1.00  

N10 0.28 -0.25 0.44 -0.07 0.05 0.34 -0.45 -0.43 0.43 1.00 

* the correlation starred with an asterisk are significant with p <0.05.  
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4. CONCLUSION 

The article concerned the statistical analysis of data on non-conformities of round bars for a period of 12 
months. With the use of less and more advanced statistical analyzes, it was attempted to obtain information 
on the structure of non-conformities, determine its nature, visualize hidden dependencies, connections in the 
obtained data on the number of non-conformities in the examined period. Critical non-conformities were 
indicated due to the number of occurrences, which were: wrinkle scratches, skewness of the bar, cracks of 
rolling origin and bar corrugation. It is these non-conformities that the company should deal with first in order 
to limit them. To do this, it must be addressed the root causes of these non-conformities, plan remedial actions, 
and check their effectiveness. The reasons for these non-conformities in the tested steel mill are: poor casting 
process, section unfilled, incorrect condition of the rolling mill, incorrect setting of the rolling mill, improper 
organization of work, insufficient qualifications of technical service. To prevent these non-conformities, 
additional employee training, ongoing maintenance of rolling mill machinery and equipment, and appropriate 
selection of steel should be carried out. The analyzes also showed that the number of occurrences of specific 
types of bar non-conformities in subsequent months was very diverse, where the greatest variability of results 
was recorded for the skewness of the bar. During the whole research period, the values of occurrences of non-
conformities were visible, such as skewness of the bar, wrinkle scratches and cracks of rolling origin different 
in subsequent months, which indicates that the specialty factors (causes) acted on the rolling process, that 
have caused a lack of predictability in the number of these non-conformities. In turn, paying attention to the 
total number of all non-conformities in months, we can see the high repeatability of results. The steelworks' 
production system generated a similar number of member non-conformities each month (262 ± 3), with the 
difference that the number of non-conformities of skewness of the bar, wrinkle scratches, cracks of rolling 
origin rods in the following months varied greatly. Correlation analysis showed statistically significant 
relationships, as it turned out, cause-and-effect relationships between selected non-conformities. 

Statistics give you the power to discover dependencies in data that cannot be seen with the naked eye, or it is 
difficult to see them by building a simple graph. Static analysis of data on non-conformance of bars allowed to 
obtain information on the structure of non-conformance, mutual relations, which were used to improve the 
production process and the quality of the finished product in the steel mill. 
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Abstract 

Blast furnace process is the basic process of pig iron production. This kind of device has a very large volume, 

so every day it produces significant quantities of the products. Therefore, the effectiveness of this device 

should be tested regularly. It helps to find causes lowering the effectiveness and optimize the production 

process. The main goal of the paper is the presentation of results of Overall Equipment Effectiveness of blast 

furnace conducted in one of Polish steelworks and the causes lowering the value of effectiveness. The analysis 

covers the period of one calendar year. 

Keywords: Blast furnace, pig iron, effectiveness, OEE 

1. INTRODUCTION 

One of the basic goals of every company is the optimal use of its resources. The analysis of their use can be 

done with many technical and economic indicators, which include productivity, efficiency or effectiveness. 

Many authors closely associate the concept of productivity with other economic indicators, among which 

economics (efficiency) as well as active action (effectiveness) are of particular importance [1]. Effectiveness is 

differently classified in the literature. It may relate to the economy, enterprise, process, equipment, resources, 

finance, decision, management, investment, etc. Therefore, the terms appear in the literature such as: 

economic effectiveness, management effectiveness, business effectiveness, process effectiveness, technical 

effectiveness or financial effectiveness [2]. 

The blast furnace is the first and very often the most critical step in the production of iron and steel. The blast 

furnace process is very complicated and involves huge streams of materials and energy. The main advantage 

of the blast furnace process is its high production efficiency and high thermal efficiency, while the disadvantage 

is the need for very expensive coke [3]. The effectiveness of the blast furnace depends on many factors, some 

of them can decrease its value, so they must be identified and eliminated. 

The main goal of the paper is the presentation of results of Overall Equipment Effectiveness of blast furnace 

conducted in one of Polish steelworks and the causes lowering the value of effectiveness. The paper presents 

the analysis of selected indicators of the effectiveness of this device. The indicators were chosen that allowed 

to assess the accessibility, utilization, quality and total effectiveness. The author pointed out the main causes 

affecting the low values of indicators. The analysis covers one calendar year. 

2. OVERALL EQUIPMENT EFFECTIVENESS - METHODOLOGY OF THE RESEARCH 

Overall Equipment Effectiveness indicator (OEE) is one of key methods used in Total Productive Maintenance. 

It helps to assess the work of equipment and find the causes of inappropriate level of the effectiveness. The 

Overall Effectiveness is a measure of efficiency of machine (device) calculated on the basis of its performance  
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using three basic elements [4]: 

 accessibility in terms of active operation of the machine, 

 use in terms of planned percentage of the duty, 

 quality of products made by the machine (device). 

Knowledge of this indicator allows to evaluate the effectiveness of use of equipment and consequently the 

whole process from viewpoint of machinery and equipment [5]. It helps to identify main problems of companies 

and calculates the benefits connected with elimination various problems [6]. To determine the value of OEE 

data connected with: available time, machines working tine, interruption in their work, level of production, unit 

production time and quantity of non-conformance production should be taken into account. 

The method of calculating the OEE indicator can be presented schematically, according to the following 

formulas [5-9]: 

 Accessibility Indicator (AI) - determines the percentage of machine operation time in the total time a 

machine could work. This relationship can be described by the formula: 

%� � GS@E T?�! @=FBsE?E;< B?TFEH>GS@E T?�! @=FB              (1) 

Where total downtime includes renovation time (planned downtime), failure time, tooling change time, 

adjustment time and time to replace components. 

 Operating Speed Indicator (OSI) - the ratio of time of manufacture of the product unit considered its 
ideal to real value. The relationship can be expressed as follows: 

��� � B>;< EH> ?@ H;F=@;DE=�> ?@ ES> C�?B=DE�>;< EH> ?@ H;F=@;DE=�> ?@ ES> C�?B=DE             (2) 

 Useful Time Indicator (UTI) - the ratio of the actual production time of the products during the device’s 
operation, expressed by the formula: 

 .� � ¡=;FEEI ?@ C�?B=DE=D?F∙�>;< EH> ?@ F;=@;DE=�> ?@ ES> C�?B=DEGS@E T?�! @=FBsE?E;< B?TFEH>          (3) 
 Utilization Indicator (UI) - product of operating speed indicator and useful time indicator, expressing the 

use of device’s working time: 

 � � ��� ∙  .�               (4) 
 Quality Indicator (QI) - percentage of production meeting the quality requirements, expressed by the 

formula: 

�� � 1 	 �/�0/293R/ 6M 262062M6���2R ��6J809N          (5) 
 Overall Equipment Effectiveness indicator (OEE) - measure of effectiveness of the use of the device, 

expressed by the formula: 

�¢¢ � %� ∙  � ∙ ��              (6) 
Literature [5-9] shows World Class OEE values: OEE indicator should be at the level of 85 % as the product 

of accessibility (90 %), utilization (95 %) and quality (99.9 %). It is desired value, bur the research around the 
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world shows that the average of OEE is app. 60 % and is much lower than World Class vale [8,9]. Some 

authors say that average value of such indicators on the level of 40 - 60 % is medium, while 20 - 40 % - low 

[6]. 

In the analysis information from blast furnace department of one of Polish steelworks were used. The analysis 

covers the monthly data in the period of one calendar year. On the beginning the information about the work 

of device was collected, then main indicators were calculated according to formulas (1) - (6). During the 

analysis of results, the identification of basic causes was carried out. 

3. THE ANALYSIS OF RESULTS 

The analysis of Overall Equipment Effectiveness was conducted. Values of parameters of the analysis was 

calculated. Main parameters are presented in Figures 1 - 4. 

 
Figure 1 Value of Accessibility Indicator of tested blast furnace during study period  

(own study based on [10]) 

Figure 1 presents values of Accessibility Indicator for tested blast furnace in the study period. As it can be 

seen the average accessibility of this device was on the level of 88.3 % (standard value is app. 90 %) and 

underwent significant changes between 74.4 and 93.6 %. The lowest value was noticed in month 9, while the 

highest in month 6. It must be underlined that value of 90 % were exceeded in 6 months. Lower values of the 

indicator were caused by many various factors, according which some of them should be motioned [3,11]: 

 The age of the device - the tested blast furnace is not a new device, it underwent an interim overhaul a 

few years ago, but all the time during the work of the device current renovations must be carried out, 

because they enable the efficient work for longer time; 

 Problems with demand for pig iron - the demand of pig iron depends mainly on the main customer - 
steelwork department. Only small percentage of production is sold to the external customers. Any 

disruption to the steelworks causes problems with the transport of pig iron to steelwork department, in 

this situation it is kept in the blast furnace for longer; 

 Technological and mechanical breaks - despite the planning medium and current renovations, there are 

various failures quite often, it can involve the need to repair the device or replace part. 
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Figure 2 Value of Utilization Indicator of tested blast furnace during study period  

(own study based on [10]) 

According to the results presented in Figure 2 it can be said that the average value of Utilization Indicator was 

on the level of 45 % and changed in range from 43.1 to 47.3 %. It was significantly lower than standard value 

of this indicator. The highest value was notices in month 4 (47.3 %), while the lowest in month 1, 11 and 10. It 

can be concluded that there is a huge problem with operation of this device. It can be caused by many factors, 
particular attention should be paid to the following groups of factors [3,11]: 

 Problems with demand of pig iron - similar to the previous factor, it can be one of cause of low value. 

Changes in demand that occur suddenly may interrupt the implementation of the production plan. 

Unfortunately, this group of factors is not affected by the blast furnace department; 

 Quality of materials - proper preparation of the basic raw material for the production of pig iron, sinter, 

has a significant impact on the blast furnace process. Its chemical composition, mainly the content of 

the basic element or iron, has an impact on the yield of pig iron, i.e. indirectly on the volume of 

production. Therefore, the use of this low-quality material increases the amount of by-products (slag) 

and reduces the yield of pig iron; 

 Quality and type of fuels - the use of high quality fuel, which is blast furnace coke, allows for optimal 
conduct of the blast furnace process, maintaining its parameters at the most favourable level. The use 

of cheaper substitutes for this fuel with appropriate quantities will not have a significant impact on the 

volume of production, but exceeding the optimal size may worsen the operation of the device and extend 

the melting time; 

 Operating parameters of the blast furnace - appropriate distribution of materials and maintaining 

parameters at a constant, optimal level results in even operation of the device. Disruption of these 

parameters can have a significant impact on the duration of the melt, processes in the furnace, which 

can also cause disruptions in the volume of production. 

During the analysis of quality of pig iron two critical parameters were taken into account: Si and S content in 

pig iron. High quality of pig iron can be defined as the pig iron with the content of Si and S on the proper level. 

The results of the analysis of Quality Indicator (see Figure 3) show that the level of quality indicator is 93.5 % 

on average and is only a bit lower than standard value. It can be said that the average value was exceeded 

only in 4 months (the highest in month 9) and the lowest value was noticed in month 10.  
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In many cases the problem with the quality of pig iron was caused by problems with quality of charge materials 

and fuels but also by break-down of equipment. The amount of production that was treated as a loss is 

classified as scrap which can be forwarded to reprocessing. 

 
Figure 3 Value of Quality Indicator of tested blast furnace during study period  

(own study based on [10]) 

 
Figure 4 Value of Overall Equipment Effectiveness indicator of tested blast furnace during study period  

(own study based on [10]) 

Based on the results of the analysis presented in Figure 4 it can be said that the level of OEE indicator was 

significantly lower than theoretical value (85 %) and average value on the world (60 %). Analysed blast furnace 

reached the value at app. 37 %. It must be underlined that only in 6 months average value was exceeded. The 

highest values were noticed in months 12 and 4 (over 40 %), while the lowest in months 9 (under 33 %) and 

10 (33.3 %). It must be underlined that indicator is product of three previous indicators so three main elements 

decease value of OEE: 

 Accessibility - the analysis showed that app. 88 % of all shift work found is accessible. It is caused by 

problems with maintenance of blast furnace: this device is not new, it must be overhauled periodically 
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(current renovations). Many technological and mechanical breaks were noticed, what was caused by 

various failures. Periodically also problems with demand for pig iron were observed; 

 Utilization - average utilization was noticed at the level of 45 %, what means that value was very low. It 

was the main problem of lower value of OEE. This situation was cased by a few factors: problems with 

demand of pig iron, poor quality of raw materials and fuels and operating parameters of the blast furnace; 

 Quality - quality of pig iron in the study period was on the high level (app. 93.5 %). It must be added that 

main quality factors in blast furnace process are: quality of raw materials and fuels and operating 

parameters of the blast furnace. The poorer quality of raw materials, the more fuels used in process and 

the more problem with production time and parameters of the process. 

4. CONCLUSION 

According to the analysis of effectiveness of blast furnace using OEE it can be concluded that in comparison 

to the average values of OEE in production companies value of the parameter is very low. The level of 

effectiveness is influenced by many different factors that often are not depend on the blast furnace department. 

Among them there are [3,11]: external (situation on the steel market in Poland and the world, demand for raw 

materials in the world, quality of materials) or internal (the age of the device, work organization of blast furnace 

and its parameters). The results of the analysis should be compared to the results of other blast furnaces 

device working in the world but it is difficult to find such results. This kind of analysis requires a lot of time but 

it can bring interesting conclusions. 
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Abstract  

The article presents the results of a study of project managers involved in improving teams at an international 

industrial enterprise. The enterprise mass produces and customises metal parts for the transportation industry. 

The authors of the article conducted and evaluated a survey of project team managers involved in improving 

and manufacturing products and related processes at an international industrial enterprise which produces 

casts for the aviation industry. The article offers recommendations for remunerating work teams. 

Keywords: Project team, bonus, work productivity, metal parts production 

1. INTRODUCTION 

Industrial production managed through projects is now a commonplace reality in national and multinational 

industrial enterprises. Experts across international branches of companies often participate in project 

implementation. Each project has requirements for time, costs and quality. Achieving these requirements 

defines the extent of the project’s success [1]. When assembling teams, it is necessary to think about their 

structure, because diversity, whether age or national, supports creativity and can also contribute to greater 

competitiveness inside and among teams [2]. 

Distinguishing between individual and team bonuses is necessary. The main task in motivating individuals is 

to tailor motivational measures to each employee and define clear rules for bonuses which correspond to work 

performance or the results of work. In the case of awarding team bonuses, the greater emphasis placed on 

cooperation and the collective responsibility of the team for achieved results is a suitable tool for motivating 

project teams [3]. Here, individual performance is not as relevant as the performance of all team members as 

a group. Motivating a project team plays a fundamental role in achieving project objectives, but not all 

managers particularly devote sufficient attention or budgets to this aspect [4]. Motivating employees in general 

may involve financial bonuses for work performed; however, this is not the only means. Industrial enterprises 

apply many approaches in defining total bonuses for work performance and are more frequently seeking non-

financial motivational tools for individuals and entire project teams [5]. For example, the knowledge and 

comparability of achieved group results substantially improves team productivity and strengthens the 

synergistic effect of a group effort [6]. 

A combination of financial, non-financial, fixed and variable bonus components facilitates design strategy and 

the achievement of an organisation’s goals. For this to work, properly defining the criteria for obtaining the 

bonus is necessary. Employees appreciate when employers seek different ways to remunerate their 

contributions. Financial and non-financial bonuses both raise work morale and increase employee loyalty, thus 

reducing the risk that employees may leave the enterprise [7]. 

A fixed wage in itself does not stimulate better performance without different bonuses that reflect the results in 

work performance. The timing of a bonus is therefore important. It has been shown that the later a bonus is 

granted after completing a certain project, the less employees appreciate the bonus and associate it with the 
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given work results [8]. This is also linked to the need to communicate with employees about their performance, 

appraise their contribution and give them constructive feedback. It is essential to emphasise positive aspects 

in this feedback yet also highlight the potential room for improvement. From an employee’s perspective, this 

again has a positive effect on their relationship with the employer [9]. 

In any project, it is important to motivate employees to achieve the project’s objectives by the planned deadline, 

according to the budget and in the required quality. An important aspect in motivation is the environment. For 

this reason, it is crucial to prepare an environment for employees where they have all the necessary resources 

and references to concentrate on their work performance and be limited as little as possible by negative 

aspects in achieving the project’s goals [1]. 

By combining the defined remuneration rules and selected bonus categories with the remuneration process 

and all people involved in the process, such as project team employees, project managers, direct supervisors 

and management, a self-contained remuneration system is created [9]. It is also necessary to continuously 

monitor current trends in order to maintain competitiveness in a dynamically developing industrial environment 

[10]. 

The aim of the article is to offer recommendations for remunerating work teams in enterprises with metal parts 

production. The recommendations are based on survey of project team managers involved in improving and 

manufacturing products and related processes at an international industrial enterprise which produces casts 

for the aviation industry. 

2. SURVEY DEFINITION 

2.1. Subject of the survey  

The subject of the survey was to define the relationships in remunerating project team members. Personal 

interviews of project managers were conducted, and the development of their teams’ production was analysed 

according to the corporate statistical data. The survey was conducted at a multinational foundry which 

produces casts with materials such as aluminium, magnesium and Inconel 718. Because of the need to 

preserve trade secrets, the company will not be named. 

2.2. Respondents  

Team project managers from six branches were interviewed. These people have managed projects which 

focused on: 

 improving processes in production, logistics, quality, technology and maintenance, 

 investments into new machinery, preparations and equipment, 

 development and implementation of new manufacturing. 

The project managers are directly subordinate to the directors of individual branches and do not have any 
permanent, direct subordinates within the organisational matrix. In each project, they use employees 
subordinate to the head of the department where the given employees are permanently assigned. The project 
teams generally use employees from production, purchasing and logistics, quality, technology, engineering 
(construction designers, analysts, calculators), facility maintenance and management, and sales. 

Before each project, the percentage of time a given person will devote to working on the project is agreed. 
Certain employees may also work on several projects at once. Often, employees from several company 
branches are involved in a single project. Each project is recorded in the internal project database, which 
contains all the information about the project, including an evaluation. 

Under the company’s wage policy, all employees receive a basic wage without any regular, variable 
component. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1323 

2.3. Data Collection Method 

The online questionnaire survey was conducted from January to mid-March, 2020. Its aim was to highlight the 
strengths and weaknesses of the project team remuneration system in use at the aforementioned multinational 
industrial enterprise. 

The questionnaire was created as an open MS Excel file to collect data and shared on the SharePoint online 
storage site. Of the total 52 managers given the questionnaire, 40 managers from six company branches 
responded. The questionnaire response rate therefore was 77 %. In the second stage, a group discussion with 
these 40 project managers was organised in the Microsoft Teams application to obtain additional information 
about the project team remuneration system. Participation in the group discussion was 100 %. Each question 
from the form and the group survey was subsequently evaluated orally and graphically. An analysis of the 
survey questions and responses, which highlighted the strengths and weaknesses of the team remuneration 
system, follows in the next section. 

To determine how many projects were underway at the six branches and the ratio of projects with financial or 
non-financial gains, the company’s internal project database was analysed.  

2.4. Survey Results 

The results of the survey showed that all of the project managers are thoroughly familiar with the system for 
remunerating the employees of their project teams, and all are also informed about potential changes or 
modifications to the system. The results also showed that 60 % of managers use bonuses to remunerate 
project team members, 20 % use non-financial bonuses such as leisure vouchers (Flexi Pass), and 20 % use 
no tools to remunerate members, meaning employees only receive their basic wage regardless of their work 
performance.  

In the online discussion, the managers agreed that the crucial criteria for remuneration are successful 
completion of the project by the required deadline, within the given budget, and in the required product quality. 
They use corporate software to manage project team remuneration and enter the proposed bonuses. The 
software also determines the value of the bonuses according to the cost savings or the profits from the 
proposed project output and also who is required to approve the given bonus range. A minimum bonus of CZK 
500 is awarded for financially measurable profits and savings of up to CZK 10,000, approved by the manager 
and HR specialist. The maximum bonus is CZK 20,000 for profits or savings of over CZK 1 mil, approved by 
the four top managers of the enterprise. 

In projects whose financial savings or gains cannot be financially measured, the criteria for awarding an 
extraordinary bonus is the employee’s subjectively evaluated performance and the duration of the project.  
Employees receive a bonus of CZK 500 for a standard approach and unlimited project, and up to CZK 6,000 
for a non-standard approach and a project that continues for more than 12 months. For foreign employees, 
the equivalents are stipulated in respective currencies. The project savings are calculated before signing the 
project contract with all the stakeholders. The approval steps in the software only serve monitoring purposes.  

An interesting finding revealed that both types of remuneration for projects are generally applicable to all 
employees across all branches around the world. Naturally, always in the currency of the given country. 

An alternative in the Czech Republic is awarding non-financial bonuses in the form of leisure vouchers (Flexi 
Pass) up to a maximum of 500 points. These are awarded directly by the project manager from the allocated 
annual budget. 

Over half of the bonuses are proposed directly by the project manager (55 %), while 30 % of the surveyed 
project managers request a bonus proposal from the direct superiors of team members, and 15 % ask the 
customer or project sponsor, primarily for reasons concerning evaluation and authority. This explains why 20 % 
of the surveyed project managers do not award bonuses. Another interesting finding revealed which phase of 
the project decides who proposes the bonus. Only 15 % of those surveyed agree on a remuneration system 
before work on a project commences, 5 % of project managers discuss remuneration in the course of project 
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implementation, and 80 % of managers discuss remuneration only after the project is complete and during the 
evaluation and handover of the results to the customer. 

As mentioned above, for projects with financial gains, the rules for remuneration are clearly defined. For 
projects with non-financial gains, however, many factors play a role, which is why bonuses are often denied 
by the people who approve them. In most cases, bonuses are denied by project managers, while 10 % of 
subjectively proposed bonuses are rejected by the financial director.  

How information about an awarded bonus is disseminated is also a factor in motivation. Only around 30 % of 
bonuses are announced by the project manager. 

2.5. Results of the Internal Project Database Analysis 

The success of a project can also be evaluated from the information stored in the database. Data from the 
years 2015 - 2019 were therefore exported from the internal database into the MS Excel environment and 
subsequently analysed for the purposes of this article. 

Over four years, the number of projects increased by 40 % (from 168 to 236). Given that the key indicator for 
remunerating project team employees is successful completion of the project according to three project 
imperatives (time, costs, quality), a substantial increase can be seen in project growth rate, from 52.5 % in 
2015 to 89.5 % in 2019. In 2015, projects with a financial gain accounted for only 59 % in 2015, while in 2019, 
they comprised 81 % of the overall project portfolio. Hence, both the enterprise and employees benefited from 
the increased proportion of projects with a financial gain. 

Because 260 projects were unsuccessfully completed in 2015 - 2019, the root cause of the failure was also 
analysed. Compared to the scheduled deadlines, 31 % of projects were completed late. Higher project costs 
caused 17 % of projects to fail, and 10 % failed because of insufficient quality. A substantial proportion of 
projects also failed because of a combination of time and costs (29 %).  

Low motivation in employees was not officially recorded even as a single percent. It may have contributed to 
both delays and costs in the projects if the employees were not sufficiently motivated to find creative solutions. 
This was verified in the analysis of extraordinary bonuses awarded to project team members, which had grown 
in direct proportion to the success of projects with financial gains since 2015. 

3. RECOMMENDATIONS 

The survey showed direct, positive links between the performance bonuses for project team members and 
success rate of completed projects and the rate of achieved savings which the bonuses depended on. The 
structure of bonuses in the surveyed industrial enterprise was thus logically defined. Nevertheless, the survey 
of managers revealed weaknesses in remuneration, which should be eliminated. The weaknesses are as 
follows: 

 Bonuses are approved by the direct superior (not the project manager), and bonuses for work on 

projects are linked to the bonuses for team members’ regular work duties. This is unadvisable, as most 

bonuses for work on projects must be approved by a direct superior who does not have an adequate 

overview of performance for the project team and may be influenced by the overview of performance in 

regular duties. These areas should remain separate; the project manager is a better suited in terms of 

knowledge of the required results and content. Each employee to give better performance within their 

activities in the project group then within their regular work duties. However, if this performance is not 

duly remunerated, the employee’s motivation may decline, even if they perform as a part of a team. 

 The system for remunerating projects with financial gain does not take into account the time spent by 
individual project team members. This means the final bonus for the entire team may be unfairly 

allocated according only to a division based on the number of members. Although the performance of 

the entire team, not the individual, is important, the final bonus should include the factor of time spent 
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on it so that team members are not affronted by only being able to participate in one project for a single 

bonus in a year, while others may manage several projects with multiple bonuses. 

Subjective appraisal by the project manager and bonus approver in projects with non-financial gain is an 
important factor in motivating employees to dedicate themselves more thoroughly to projects with financial 
gain at the expense of those without. It would be better to implement multi-level evaluation, for example, by 
applying the 180-degree method, where both project managers and members of the team and customers 
decide on the bonus. 

Other recommendations for remunerating project team members were derived from the online interviews with 

managers, as follows: 

 Define remuneration as far as possible according to objective and measurable evaluation criteria; 

 Ensure all participants involved in remuneration are well-informed of the process; 

 Clarify the authority for proposing and approving bonuses; ideally, these should be people with the best 
overview of teams and individual performances within a project’s activities; 

 Define a system which is clear and comprehensible to all employees. 

4. CONCLUSION 

The article described the results of a study of the project team remuneration system at an industrial enterprise 
producing casts for aviation industry and offered recommendations for eliminating the weaknesses revealed 
in this system. The system’s strengths include the existence of instruments to reward employees for work on 
projects, which indicated that employees felt motivated to achieve their required work performance. An 
important finding indicated that all the project managers interviewed for the study were familiar with the 
remuneration system. The remuneration system for projects with financial gain and rules for approval are 
clearly defined. A major advantage of the system is international applicability across all the company’s 
branches. 

Based on the increasing success rate of completed projects and proportion of projects with financial gain, a 
certain correlation can be observed, as the growth of both indicators is similar in 2015 and 2019. It can be 
concluded that the remuneration system for projects with financial gain is a major motivational element and 
has firmly defined rules compared to projects with non-financial gain. 

Remuneration has a crucial role in motivation. Unfortunately, it is not always possible to be entirely objective, 
because one fundamental aspect is involved this system - the human factor. In creating the remuneration 
system, it is therefore important to define the rules to be as objective as possible. The rules should, as far as 
possible, be specific, measurable, acceptable, realistic, and clearly defined, especially in terms of time. 
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Abstract  

In the paper customer preferences regarding copper wires were determined, special attention to the technical 

characteristics of wires were focused, that would meet customer expectations. To build a quality house, 

information from direct production employees as well as technologists and constructors were used. The 

application of the QFD method allowed of rendition of consumer requirements (customer voice) into 

technological parameters. 

Keywords: Copper, wire products, quality, QFD method 

1. INTRODUCTION  

The QFD (Quality Function Deployment) method is Adjustment or Development of a Quality Function or Quality 

House. Thanks to this method, it is possible to rendition market requirements for the product into  

a set of conditions that must be met by the entity producing it at every stage of creation (from design through 

production to sales and service) [1,2]. 

The fundamentals of the QFD method were developed by Y. Akao in 1966 as part of "Total Quality Control" 

[3,4]. Thanks to the QFD method, it can rationally design a product not only in technical terms, but also due to 

market requirements and customer expectations [5,6]. The QFD method is also used to improve logistics 

processes in the industry of metal production and metal processing [7,8]. QFD is also a factor motivating 

employees to promote quality [9,10,17]. 

The main advantage of this method is the fact that already in the design phase you can take into account the 

voice of a potential customer, so that the final product can be better designed to meet customer requirements. 

This method is cost effective as well as relatively simple to implement, analyse and document. It can be used 

in all industries and services, as well as in administrative processes. Thanks to the QFD method, product 

planning becomes an integral part of quality planning, quality costs are better planned, and the product quality 

is constantly improved. The advantage of using this method is also lower production costs, as well as 

shortening production cycles. Additionally, the company can get to know better its weaknesses and strengths 

against the competition [1]. 

A certain limitation of this method is laborious and time consuming, which may cause resistance and reluctance 

to introduce it, as well as the absolute requirement of teamwork [16]. 

The QFD method is used in the preparation and production of new products and services, it is successfully 

used in the machine-building industry [19], automotive [20], chemical, pharmaceutical, construction [18], in 

credit institutions, as well as in the development of new computer systems [11,28]. It can also be used in the 

metal industry [12]. 
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2. AIM AND SCOPE OF RESEARCH 

The aim of the work is to use information from customers to analyse the QFD method to best adapt the product 

characteristics to the changing customers’ requirements. 

The product subject to analysis from the customer and manufacturer's point of view is copper wire, which is 

used for the production of insulated power cables. These cables are designed to transfer electricity from the 

source to the receiver. The basic components of these cables are: metal wires (enabling the flow of current 

from the source to the receiver, with the least possible losses), insulation of the wires (its task is to prevent 

direct contact a live wire with objects around the cable and other wires) and a protective coating (protecting 

the wires and insulation against mechanical damage and corrosive effects of the environment) [13]. 

It should be noted that the work is a pilot study, where the examined population is limited only to analysing the 

requirements of one enterprise. It is a medium-sized enterprise with headquarters in the Śląskie Voivodeship 

and involved in the production of electronic products. The enterprise in the production of its products, uses a 

large number of copper wires, which puts great emphasis on the high quality of such wires. 

As the QFD method communicates the producer with customer, at work information concerning the basic 

assortment of several enterprises dealing in the production of copper products were used for the analysis. Due 

to the nature of research, where greater contact with the company is required, this is a limitation of this work. 

3. QFD ANALYSIS 

I. Customer requirements and grouping these requirements according to the relationship diagram. 

At this stage, a representative group was selected that defined their requirements for copper wires used for 

the production of insulated copper power cables. The studied population was a group of direct production 

employees as well as technologists and constructors. 

After selecting the population, collective lists were drawn up (3 lists of 20 employees) and 10 people were 

drawn from each of these lists. The result was the creation of a representative group of 30 people. This group 

was asked the question: What properties should copper wire have to produce high-quality insulated copper 

power cables? Respondents gave about 15 answers, of which 10 most common were chosen for further 

analysis - these properties (requirements) are presented below: 

1) the price, 

2) high conductivity, 

3) easy solderability, 

4) corrosion resistant, 

5) flexible, 

6) tensile strength, 

7) resistant to bending, 

8) high permissible operating 

temperature, 

9) easy weldability, 

10) low chemical activity. 

In the quality house, shown in Figure 1, these requirements are placed in area 1. 

In the next step, the properties of copper wires indicated by customers (direct production employees, 

technologists, and constructors) were ordered according to a new quality management tool - relationship 

diagram [14]. As a result of developing this diagram, five groups of requirements for copper wires were 

specified: electrical (high conductivity), mechanical (flexible, tensile strength and resistant to bending), 

chemical (corrosion resistant and low chemical activity), thermal (high permissible operating temperature) and 

other (the price, easy solderability and easy weldability). 

II. Determining the importance of customer requirements. 

At this stage, a representative group was asked to divide 50 points for each requirement for copper 

wires, thus determining the importance of each requirement. Distribution of points analysis showed that 
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the most points were achieved by requirements related to price, high conductivity, easy solderability and 

flexibility. The requirement for resistant to bending and corrosion resistance has also proved to be quite 

important.  

On the other hand, the least points were obtained by the requirements related to high permissible 

operating temperature and low chemical activity. 

The next step of the QFD method is to determine the importance of customer requirements, in the adopted 

scale from 1 to 10. The allocation of importance for individual requirements for copper wires is presented in 

area 2 in a quality house. 

 

Figure 1 Graphic presentation of the QFD method - a house of quality for copper wires 
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III. Determination of technical parameters of the selected product. 

At this stage, the copper wires were characterized from the designer point of view by determining their technical 

parameters, which are presented below: 

1) conductivity, 

2) tensile strength, 

3) density, 

4) extension, 

5) resistance to hydrogen embrittlement, 

6) purity, 

7) oxygen content, 

8) inner diameter of the circle, 

9) outer diameter of the circle, 

10)  wire surface. 

The quality house in area 3 contains technical parameters. 

IV. Relationships between customer requirements and technical parameters. 

The following symbols are used in the example: 

 - strong relationship (9 points)  - medium relationship (3 points)  - weak relationship (1 point) 

The relationships between customer requirements and technical parameters are shown in the middle part of 

the quality house (area 4). 

V. Assessment of the importance of technical parameters. 

Importance coefficients of technical parameters were calculated and presented in area 5 of the quality house. 

VI. Determining the relationship between technical parameters. 

The example uses symbols, as in the case of relationships between customer requirements and technical 

parameters. The relations between the technical parameters are presented in the roof of a quality house  

(area 6). 

VII. Comparison of the product with the competition offer. 

In the example, the offers of 3 companies producing copper wires were used. A representative group assessed 

each of the requirements by comparing 3 types of copper wires, giving grades from 1 to 10, where 1 means 

unfulfilled requirement and 10 - fully fulfilled requirement. A comparison of copper wires from 3 companies in 

a quality home is presented in area 7. 

VIII. Target technical parameters 

In the analysed example, the target values of technical parameters are presented in the quality house in  

area 8. 

4. DISCUSSION AND CONCLUSIONS 

The paper presents the use of the QFD method for copper wire, used, among others in the production of 

insulated power cables. 

After analysing and creating a quality home, it was shown that: 

In terms of the importance of requirements, the respondents assessed that copper wires should be 

distinguished by their price, high conductivity and easy solderability. The price of copper as a strategic material 

is quite high and that's why customers are looking for a competitive price offer. High conductivity of copper 

wires is crucial in the production of electronic products that use insulated power cables. In the production of 

such products, the ease of soldering copper wires is also becoming very important. Easy solderability as a 

particularly desirable property in electrical systems, ensures the use of lead-free soldering technology, in 

accordance with the RoHS 2 Directive - Directive of the European Parliament and of the Council 2011/65/EU 

of 8 June 2011 on the restriction of the use of certain hazardous substances in electrical and electronic 
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equipment [15]. The survey regarding the importance of respondents' requirements also shows that the 

mechanical requirement regarding flexibility and resistance to bending was assessed by the respondents as 

quite important in copper wires. 

Analysing the middle part of the quality house, in which the relationships between customer requirements and 

technical parameters are highlighted, it can be stated that the strongest relationships occur between: 

 high conductivity and conductivity (the same parameter from the customer and designer point of view), 

 between conductivity and purity (defects and admixtures increase the resistivity), 

 between flexibility and tensile strength (high flexibility and strength make copper an ideal material for 
electrical installations). 

There is also a strong relationship between corrosion resistant and purity of copper wires and oxygen content 

(oxygen as a harmful admixture can reduce conductivity, ductility and corrosive properties). Tensile strength 

shows a strong relationship with extension, however in the case of easy weldability, a strong relationship with 

resistance to hydrogen embrittlement, purity and oxygen content is observed (in a copper weld that contains 

oxygen, many blisters are formed). In addition, there is a strong relationship between high permissible 

operating temperature and conductivity and extension (conductivity decreases with increasing temperature, 

moreover, extension with the effect of temperature changes leads to some problems with the conductors) and 

between low chemical activity and oxygen content (oxygen-containing copper is susceptible to damage during 

hot metal treatment under pressure). 

The most important technical parameter from the designer point of view is parameter connected with copper 

purity. Copper is produced in such a way as to minimize the amount of admixtures and obtain the most 

homogeneous structure. 

As a result of case study, some knowledge was obtained about the expectations of respondents (in this case 

employees of companies from the electronics industry), which may become the beginning of the main study 

covering a larger group of respondents or companies from other industries using copper wires in their 

production. It seems that this approach, focused on customer needs, can be particularly useful in those areas 

of industry and research in which highly specialized procedures cause a kind of "paternalization" of recipients, 

imposing on them a narrow understanding of quality and benefits, among others in the assembly of electronic 

devices [21], biotechnology [22], surface treatment with nanopowders [23] or laser beam [24,25]. Some 

aspects of this approach should be taken into account when building a statistical model by selecting the 

appropriate goal functions and related statistics, as they may affect sampling patterns, e.g. in ANOVA [26] or 

resampling bootstrap [27] tests. 
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Abstract 

The purpose of the conducted tests was to apply an integrally configured method of quality control of the 

condition of modified helicopter gearbox housing castings. The use of this innovative method (consisting of the 

following techniques: Pareto-Lorenz diagram, Ishikawa diagram and 5WHY method?). would contribute to 

identifying the causes of non-compliant castings and, consequently, to eliminating non-compliant castings. As 

part of the analysis of the efficiency of checkpoints, a non-conformity test was carried out on the gearbox 

housing castings under analysis, including the identification of sensitive areas in terms of the number of 

defects. Transmission housing casts have become the subject of research due to significant problems with 

maintaining their desired level of quality after the introduced structural and technological changes. The 

proposed method has helped to identify the root cause of non-compliance. These were: inadequate flooding 

of moulds due to insufficient employee qualifications and inadequate human resources management. The 

study shows the advisability of using an integrated approach to finding the causes of quality problems on the 

example of a foundry. This was a new solution for the company, as no in-depth analyses of quality problems 

using a sequence of quality management techniques have been conducted so far. The improvement actions 

taken so far have been sufficient in a stabilised production process, but the modification of the process has 

shown the need to seek other more advanced techniques. This configured and integrated method was 

proposed and the expected results were achieved. The sequential method developed in the study is a universal 

way to prevent future non-compliance in this or other companies.  

Keywords: Mechanical engineering, quality engineering, Pareto-Lorenz diagram, Ishikawa diagram, 5WHY  

method 

1. INTRODUCTION 

The development and changes in the industrial economy make it necessary to ensure high quality products. 

Undertakings shall take steps to identify possible non-conformity of products and to prevent their occurrence 

in the future [1-3]. In the case of the manufacturing industry, casts that are found in every industry play an 

important role [4,5]. The most frequently produced castings in industry are aluminium castings. It is therefore 

important for the industry to provide castings that are free from defects. Sometimes this is problematic due to 

a large number of factors affecting them during production [6]. In order to check the quality of castings, the 

authors of many scientific studies indicate the possibility of using non-destructive testing (NDT), by means of 

which it is possible to identify possible inconsistencies without significant impact on its structural and surface 

properties [7,8]. However, sometimes the number of defects or discrepancies in castings is so large that it is 

difficult to identify the cause. The authors of the studies [9,10] point out that the issue of tools supporting the 

decision-making process, which are available and on the basis of which data analyses are made, is not without 

significance. Comprehensive methods are constantly being sought to detect incompatibilities, but also to 

prevent them by detecting the sources of their origin or even looking for causes that cause problems within 

these sources. The methods enabling the implementation of the indicated activities are quality management 

methods, which, when skilfully applied, allow to increase the quality level of the offered products [11,12]. 
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Literature studies on quality management often present the issues of quality analyses supported by the use of 

single quality management tools [13-15], or develop models for the optimisation of production processes 

[16-18]. However, there is still a lack of an integrally configured quality control method that has contributed to 

an in-depth causal analysis of production non-conformities - the identification of the root cause of non-

conformity. Therefore, it is advisable to develop a sequence for the use of non-destructive testing (visual 

inspection), with quality management tools (the Pareto-Lorenz diagram correlated with the ABC method and 

brainstorming, the Ishikwa diagram, the 5WHY method and 5W1H [19]) in which the exit from one tool is an 

entry to the next. 

2. ANALYSIS 

2.1.  Aim, scope and subject matter 

The aim of the conducted tests was to diagnose in between operations, quality control of the condition of 

modified gearbox housing castings used in helicopters and to identify the causes of non-compliance in 

castings, in relation to which the application of appropriate preventive measures would contribute to the 

elimination of non-compliant castings. In connection with the increase of gearbox housing casting complaints 

by 4 % as compared to the previous quarter, the survey was carried out on a batch of products made in the 

2nd quarter of 2019. The scope of product inspection included the verification of casting area. 

2.1.1. Alloy characteristics 

The subject of the research was a gearbox foundry used in aviation. The object of research is cast by gravity 

from AlSi7Mg0.6 alloy. Chemical composition and mechnical properties of the alloy are presented in Table 1. 

Table 1 The chemical composition and mechanical properties of the alloy (PN-EN 1706:2011) 

Chemical 
composition 

Element Fe Si Mn Ti Cu Mg Zn Others Al 

Min, [%] - 6.50 - - - 0.45 - each:0.03; 
total: 0.01 

remainder 

Max, [%] 0.19 7.50 0.10 0.25 0.05 0.70 0.07 

Mechanical 
properties 

Property Name 
Tensile strength 

(Rm) 
Yield strength 

(R0,2) 
Elongation at Break 

(A) 
Brinell 

hardness 

Min, [%] 300 
320 

240 
240 

4 
6 

100 
151 

Max, [%] 350 280 6 151 

Unit of measure N/mm2 MPa N/mm2 MPa % % HB HB 

The feature that distinguishes AlSi7Mg0. 6 alloy is its good weldability, exceptional corrosion resistance and 

very good machining properties [9,20]. Due to its properties, this alloy is used in aviation, automotive and 

architecture [21], mechanical engineering, food and chemical industry, as well as in shipbuilding, models and 

forms [22]. It may be also useful in biotechnology apparatus [23-25]. 

3. METHODS OF THE TESTS 

Previously, the company did not apply in-depth analysis of the source causes of discrepancies in castings, 

however, due to the increase in complaints concerning gearbox castings and the increase in negative results 

of quality control, it was decided to take measures to increase the quality level. A team of experts has been 

set up, including the Head of the European Commission's Directorate-General for Health and Consumer 

Protection. The quality manager, foundry manager, technologist, constructor, and specialist in the field of 
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quality assurance. complaints. In order to carry out a qualitative analysis of castings, studies were carried out, 

in which the integration of quality management tools was configured (Figure 1). 

 

Figure 1 Applied sequence of methods 

The first step of the analysis included characterisation of the problem (verification of defects of the raw surface, 

shape, continuity breaks and internal inconsistencies). In the areas of the products where discrepancies were 

detected during factory inspection (visual, ultrasonic and X-ray), metallographic surveys were performed. 

Samples for metallographic testing were cut out on a metallographic cutter and encapsulated in resin. Grinding 

and polishing of the samples was performed on the Saphir 530 and digested with 5 % aqueous solution of HF 

acid. The microstructure was observed on the Zeiss Neophot 2 metallographic microscope. The next stage 

consisted in visualizing sensitive casting areas and indicating their type. The Pareto-Lorenzo analysis 

correlated with the ABC method was performed to identify the most significant nonconformities in terms of their 

number and severity of effects. The brainstorming method was used by experts to identify potential causes of 

incompatibility in castings and their hierarchy. The potential causes are listed in the Ishikawa diagram. The 

5WHY method has been applied to the identified cause of non-compliance in order to identify its source. 

4. RESULTS 

The first step of the analysis was to identify the areas in the casting (Figure 2) where the most frequent 

irregularities occur and to determine the type of these defects. 

 

Figure 2 Model of casting gearbox with deforestation of areas where non-compliances marked as:  

1 - systolic cavity is most common; 2 - misery; 3 - exfoliation; 4 - inclusions of foreign material; 5 - gas 

bladders; 6 - fastening; 7 - mismatch of felling thickness; 8 - mechanical damage; 9 - cold casting cracks; 10 

- government; 11 - hot casting cracks; 12 - erroneous or illegible casting marking 

Data concerning quality control during which the most defects are detected within a certain type of 

nonconformity and decisions concerning handling of nonconforming castings are presented in Table 2 (in the 

table the nonconformity markings as shown in Figure 2 were applied). The data confirm the relevance of the 

actions taken to identify the causes of non-compliance. 

Visualization 
of obtained 

results  

Brainstorming 
and Ishikawa 

diagram 

Pareto - Lorenz 
diagram and 
ABC method 

Method  
5WHY 

Characteriza
tion of the 
problem 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1336 

Table 2 Percentage of decisions concerning gearbox castings where non-compliances are found 

Type of 
defect 

Quality control most often identifying non-compliance 
Decision 

Utilization Repair Admission 

1. Inter-operative control (ultrasonic and radiological defectoscopy, 
macroscopic examination) 

88 % 7 % 5 % 

2. Inter-operative control (visual) 66 % 17 % 17 % 

3. Inter-operative control (visual) 31 % 53 % 16 % 

4. Inter-operative control (visual, ultrasonic defectoscopy, 
radiological defectoscopy, light microscopic examination) 

64 % 29 % 7 % 

5. Intraoperative control (ultrasonic and radiological defectoscopy, 
penetration tests, microscopic - light tests) 

71 % 11 % 18 % 

6. Pre-check (visual, X-ray method) 63 % 15 % 23 % 

7. Inter-operative control (using an electronic calliper) 8 % 81 % 11 % 

8. Pre- and post-operative (visual) checks 86 % 8 % 6 % 

9. Inter-operational control (ultrasonic and radiological defectoscopic 
examination, microscopic - light examination) 

87 % 15 % 2 % 

10. Preliminary inspection (ultrasonic and radiological defectoscopy, 
macroscopic examination) 

79 % 15 % 6 % 

11. Inter-operational control (ultrasonic and radiological defectoscopic 
examination, microscopic - light examination) 

85 % 9 % 6 % 

12. Pre- and post-operative (visual) checks 0 % 100 % 0 % 

5. ANALYSIS 

The instrument proposed by the working team to carry out further analysis of castings'; inconsistencies was 

the Pareto-Lorenz analysis correlated with the ABC method. The aim of the action taken was to identify the 

most significant noncompliances (Figure 3). Markings as indicated in Figure 2.  

 

Figure 3 Pareto Lorenzo diagram with ABC method for gearbox casting incompatibility 

The analysis of casting batches showed that the systolic cavities (39.7 %), underpressure (24.0 %) and peeling 

(19.0 %) are the most serious inconsistencies. In accordance with the ABC method, area A - to which the 

claimed non-conformities are qualified - is defined as critical. Figure 4 shows the most common forms of 

incompatibility - the systolic cavity. In the tested batch of products, the shrinkage cavities are in the form of a 

jagged discontinuity often surrounded by porosity, rusticity.  
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Figure 4 Result of the discontinuity - systolic cavity test 

The potential causes of unworthiness identified during the brainstorming session have been arranged in the 

Ishikawa diagram showing mutual links between the causes. Due to the volume limitations, the study includes 

the part of the Ishikawa diagram containing the key cause of non-compliance (Figure 5). It was found that the 

key reason for the occurrence of shrinkage cavities was too low an alloy temperature during pouring of the 

moulds. As a further analysis of the qualitative problem, the 5WHY method was developed (Figure 6).  

 

Figure 5 Fragment of the Ishikawa diagram 

showing the causes of the systolic cavity in the 

„material” category 

Figure 6 Course of the 5Why method for 

incompatibility concerning too low an alloy 

temperature during mould pouring 

The analysis (Figure 6) shows that the key reason for flooding the mould with an alloy with too low a 

temperature was the lack of training of the newly employed worker. There was an employee at the workstation 

who incorrectly read the parameters of the instruction. The combination of too little experience and lack of 

training was the main reason for the discrepancies. 

6. CONCLUSION 

The proposal of detailed analysis of nonconformities, presented in the study, concerning the identification of 

areas where defects are most frequently located and the identification of the causes of the presence of defects 

in castings, combined with the application of configured integration of quality management tools, contributes 

to their elimination and the implementation of effective measures to prevent the occurrence of nonconformities 

in castings. The key reason for the occurrence of the most significant nonconformity in the gearbox housing 

casting (presence of shrinkage cavities) was the inappropriate pouring temperature of the casting mould due 

to the lack of training of the newly employed employee, which resulted from inadequate human resources 

management in the company. Further research will be related to the implication of the proposed sequence of 

analysis of casting's nonconformity, which is an effective way of solving quality problems in the production of 

other products offered by the company. The presented method of analysis of types and weights of 

nonconformity, including the importance of the control points present in the company, in combination with the 

quality management methods, is largely complementary. The proposed sequential combination may be a 

component of methods supporting quality management processes. 
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Abstract  

Jigless robot welding is one of the most demanding disciplines in the automation industry. Jigless processes 

offer significant benefits by reducing the cost of custom tooling and providing flexibility to process part 

variations with low batch sizes but make high demands on robotics and the know-how of suppliers and users. 

The main aim of this research project is to study plant layout and materials handling for jigless spot welding 

systems in order to investigate the best strategy in Alhasawi Company in Kuwait. This project was done to 

optimize the jigless spot welding and compare between the original layout of Al-Hasawi Company (semi-

automated system) and the re-designed layout (fully automated system - Jigless robot welding). It is found that 

the jigless welding process has better performance and utilization, less process time and less defect rate.  

Keywords: Jigless welding, spot welding, factory layout, automation, materials handling 

1. INTRODUCTION  

Jigless Spot Welding   

Jigless spot welding is a combination of two robots; one does the welding part and the other one does the 

material handling to present the work piece to the robotic welder. Jigless spot welding is commonly used in 

various industries such as automotive manufacturing systems like Honda and Ford industries (Automated Car 

Production). Jigless welding pairs a robotic welder with a material handling robot that presents the workpiece 

to the welding robot. Optimal weld quality, lower cost and smaller system footprints are the significant returns 

on a company’s investment when pairing a welding arm with a material handling robot. The practice of using 

a second robot to hold a robotic welding workpiece is a more precise way of accomplishing the same end 

result. A gripper or some sort of holding tool is placed on the material handling robot to grab or mount the 

workpiece and present it to the welding robot. By automating this process it is easier to maintain preset 

tolerances and quality standards on the finished part [1,2,3]. 

Alhasawi Group Company 

Alhasawi Group is one of the leading manufacturers in Kuwait, specializing in cooling and heating products 

and equipment such as refrigerators, water coolers, air conditioners, water heaters, water coolers. This 

research presents an approach to optimize jigless welding using a real-life example of Alhasawi group in 

Kuwait in Sabhan branch which only produces water heaters [4]. This report will study and compare:  

a) The original factory layout of water heater production (semi-automated system) and the re-designed 

layout (fully automated system - Jigless robot welding); 

b) Jigless spot welding parameters and manual spot welding parameters such as utilization, process time, 

defect rate.  

2. EXPERIMENT 

This section presents the experimental work on factory layout and welding parameters using AutoCad and 

Excel software. 
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Factory Layout 

Factory layout is the arrangement of machines and equipment within a factory which includes the layout of 

departments within the factory site, the layout of machines within the departments and the layout of individual 

workplaces. Location of equipment is the placement of a facility with respect to customers, suppliers, and other 

facilities with which it interfaces. Decisions regarding plant location are taken by considering various factors. 

Facility location is generally the first step in facility planning [5,6]. In this research project, AutoCAD software 

is used to draw the initial layout (semi-automated system). In AutoCAD, first, the factory area borders are 

drawn. Then, the workstations distributed inside the border. In a second stage, the layout has been changed 

and re-designed for specific workstations, which contain spot welding and material handling form manual 

workstations to a robotic workstation (fully automated system - Jigless robot welding). 

Welding Parameters   

MS Excel is used for analysis and production calculation for rate [7]. Table 1 shows the data required for the 

excel analysis, which are the operation time and the number of identical machines and the defect rate for each 

system.  

Table 1 Excel parameters  

Machine number Machine name Operation time (sec) Number of machines 

1 Decoiler shearing 46.8 1 

14 Shearing 4.9 1 

7 10-ton mechanical press 72 1 

3 c-type mechanical press1 30.9 1 

23 Roll former 5.9 1 

SW Spot welding arm (Robot) 25.3 3 

MH Material handling arm (Robot) 25.9 3 

18 Seam welding 54 1 

22 Edge former 1 45.9 1 

12 Mechanical press 38.9 1 

5 c-type mechanical press2 30.9 1 

52 Powder paint 1 134.6 1 

53 Powder paint 2 134.6 1 

51 Powder paint 3 134.6 1 

54 nibbler 61.9 1 

61 Hydraulic press 200TN 45.9 1 

62 Trimming 45.9 1 

65 Hydraulic press 55.9 1 

64 Swaging 5.1 1 

28 Japan daihen (OTC) ROBOT 119.8 1 

25 MAG straightening burning 748.8 1 

SW Spot welding (manual) 61.9 3 

32 MAG horizontal type double 748.8 4 

40 Leak testing 518.4 1 

59 Heating element tightening 59.9 1 

Assembly Assembly 1109.9 5 

50 Packaging 174.9 1 
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3. RESULTS AND DISCUSSION  

Factory Layout Using AutoCAD 

The optimal facility layout is an effective tool in cost reduction by enhancing the productivity. Facility layout 

design involves a systematic physical arrangement of different departments, workstations, machines, 

equipment, storage areas and common areas in a manufacturing industry [8]. There are couple of methods for 

layout improvement such as re-routing of material flow in a given facility that can improve the efficiency of 

material movement. When re-routing is not efficient, the other more drastic way is the re-layout. In most of 

cases the re-layout requires more time, effort and is more expensive [9].  

Figure 1a shows the initial draft which is provided by Alhasawi group company for semi-automated system 

and Figure 1b shows the re-designed layout for fully automated system - Jigless robot welding. In a re-

designed layout, there are 3 spot welding machines. So only the machines which are really working are 

considered and the other machines put in the storage. The machine snow is suitable for their demand or maybe 

slightly higher. However, if they change their demand to a higher number or if there is machine failure they can 

take them from the storage. It is reorganized that, the machines in a line based on the sequence of the process 

by this strategy; after the sheet metal cutting and shearing section, the parts will move in two different 

directions, one for the inner tank and one for the outer body cylinder and covers. The outer body units will 

move to the powder paint section and then to the assembly. However, the inner tank will go directly to the 

assembly where they will be collected. Moreover, in the new design it is considered to put aisles where the 

aisles means the allowance space that the material handling can move through, and in our case, it is the 

operator, and the robotic material handling arm of jigless. The operator aisles based on facilities planning 

textbook was 3 feet equal to 914.4 mm [10]. The arm allies based on the robot’s maximum and minimum reach 

of it. This design to minimize material movement through machines and reduce accidents that might accrue in 

the workplace which means less cost for the company. Also, the assembly conveyor will be closer to the 

storage so that the final product can be transformed easily and avoid defects in the product. A new factory 

layout can be created from an existing AutoCAD 2D layout. If the AutoCAD layout contains any 2D assets or 

chainable assets placed from the System Assets library in AutoCAD Factory, the assets are replaced with their 

3D equivalents when the drawing file is opened in Inventor Factory. 

  

Figure 1a Initial Layout Figure 1b Re-Designed Layout 

Welding Parameters Using MS-Excel   

Data as shown in Table 1 inserted for the demand of 500 water heaters per month and 208 hours work per 

month. Because all the employees work 26 days per month for 8 hours per day. The following tables show the 

calculated data for both semi-automated system and fully automated system - Jigless robot welding.  
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In these tables; (a) push is the number of products that will be transferred to the end customer. (b) For the 

scrap rate, the defect rate divides 2 % all over the machines in the system. (c) The Res is the amount which 

inserts the quantity for each machine. After inserting all the data which calculated, the throughput time and the 

work in process as an output, which equals 0.051 hours, and 62.15 units will be calculate. To calculate a 

factory's utilization rate, you multiply the plant's actual output per month or year times 100 and divide this 

number by the plant's maximum output per month or year. Table 2 will present the input for semi-automated 

spot welding system and fully automated system and Table 3 will present Output for semi-automated spot 

welding system and fully automated system. 

Table 2 Input for semi-automated spot welding system (S) and fully automated system (F) 

Process Water 
Heater 

   Flow 
time 

interval 

Month  Through 
put time 

0.051  Hr    

Structure Tree    Oper 
time 

interval 

Hour  Work in 
process 

62.15      

Drive Push    Opr int 
per flow 

208         

Flow in 500 Per 
month 

            

Name Type Index Previous Push 
in 

Opr time Scrap 
rate 

Res type Res 
amount 

Flow 
Rem 

Ratio Unit 
flow 

Unit 
time 

Oper 
Flow 

WIP 

Start 
water 
heater 

Dummy 0 - 1 - - - - - 1 1  - - 

1  
 
 
 
 
 
 
 
 
 
 
 

Op 

1 0  
 
 
 
 
 
 
 
 
 
 
 
0 

0.013  
 
 
 
 
 
 
 
 
 
 

0.00059 
% (S) 

0.00029 
% (F) 

M1 1  
 
 
 
 
 
 
 
 
 
 
 

0.0 % 

 
 
 
 
 
 
 
 
 
 
 

0.999994118 
(S) 

0.99999706 
(F) 

 
 
 

1 0.013 2.4038 0.0313 
14 2 1 0.00138 M14 1 1 0.0014 2.4038 0.0033 
7 3 2 0.02 M7 1 1 0.02 2.4038 0.0481 
3 4 3 0.008611 M3 1 1 0.0086 2.4038 0.0207 
23 5 4 0.00166 M23 1 1 0.0017 2.4038 0.004 
SW 6 5 0.01722 SW 3 1 0.0172 2.4038 0.0414 
18 7 6 0.015 M18 1 1 0.015 2.4038 0.0361 
22 8 7 0.01277 M22 1 1 0.0128 2.4038 0.0307 
12 9 8 0.01083 M12 1 1 0.0108 2.4038 0.026 
5 10 9 0.008611 M5 1 1 0.0086 2.4037 0.0207 
52 11 10 0.0374 M52 1 1 0.0374 2.4037 0.0899 
53 12 11 0.0374 M53 1 0.9999 0.0374 2.4037 0.0899 
51 13 12 0.0374 M51 1 0.9999 0.0374 2.4037 0.0899 
54 14 3 0.0172 M54 1 1 0.0172 2.4037 0.0413 
61 15 14 0.01277 M61 1 1 0.0128 2.4038 0.0307 
62 16 15 0.01277 M62 1 1 0.0128 2.4038 0.0307 
65 17 16 0.01555 M65 1 1 0.0155 2.4038 0.0374 
64 18 17 0.00144 M64 1 1 0.0014 2.4037 0.0035 
28 19 18 0.0333 M28 1 1 0.0333 2.4037 0.08 
25 20 19 0.208 M25 1 0.9999 0.208 2.4037 0.5 

MAG 21 6 0.208 M32 4 1 0.208 2.4038 0.5 
40 22 21 0.144 M40 1 1 0.144 2.4037 0.3461 
59 23 22 0.01666 M59 1 1 0.0167 2.4037 0.04 

Assembly 24 13 0.308333 Assembly 2 0.9999 0.3083 2.4037 0.7411 
Assembly 25 23 0.308333 Assembly 3 0.9999 0.3083 2.4037 0.7411 

50 26 25 500 0.0486 M50 1 501 24.349 1204.3 58.53 
End water 

heater  
Dummy 27 - 0 - - - - - 1 0 - - - 

This table shows the utilization of each machine, where M50 is the busiest machine since it has a large percent 

of utilization, which equals to 5853 %, while the others can be available whenever they get a task because of 

less than 100 % utilization. In our project, we will focus on the spot welding machine where it has a utilization 

of 4 %. By replacing the semi-automated spot welding system to jigless spot welding system, which contains 

two robotic arms, one for spot welding and the other for material handling.  

The best jigless was the spot-welding arm (Motoman MS80 w) which payload= 72 Kg, horizontal reach = 

2236 mm, and price= US $ 12,700. Also, we chose the material handling arm (Motoman IA20) which has a 

payload= 20 Kg, horizontal reach=910 mm, and price= US $ 19,999. As a result of this replacement the defect 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1344 

rate decreases, the throughput time decreases where it becomes 0.051 hours, and the work in process 

decreases to 62.14 units. From these analysis it is observed that the utilization for all machines is still less than 

100%, except for M50 (The same as semi-automated machine has 5853 % utilization which is used in MS80W 

robot). The MS80W is weighing 580 Kg, it has an 80 kg payload, and it also has a small footprint and is very 

compact, which make it ideal for high-density layouts. It can reach 2236 mm horizontally. In other design we 

used other types of robot such as YASKAWA VS100 robot which is VS100 is a unique thin design optimizes 

automotive applications using DC spot guns with small servo actuators.  

The robot weighs 780 Kg, it can handle a payload equal to 110 Kg and it can reach 2236 mm horizontally or 

ABB IRB 6640-235 robot which is a robot for spot welding application. It weighs 1310 Kg. It can take any heavy 

work that needs a payload of up to 235 kg. It has a crash resistance, an easy maintenance, and simplified 

forklift pockets. It has a reach of 2550 mm and can bend fully backward, which enables it the ability to decrease 

its footprint and fit into a tight production line. The FANUC R-2000iB/200R is another robot used which is a 

rack-mount robot with a high payload capacity which equals to 200 Kg, it weighs 1540 Kg, and it can reach 

3095 mm horizontally. Also, for the spot welding and material handling arms, the utilization is 2 %. Table 4 

compares semi-automated system and fully automated system - Jigless robot welding.  

Table 3 Output for semi-automated spot welding system (S) and fully automated system (F) 

Resource Number 
Used  

Max 
number 

Unit / 
Hours / 
Month 

% 
Avail 

% Mx 
Unit 

Unit Avail 
Hours / 
Month 

Max 
Avail 

Hours / 
Month 

Res Avail 
Hours / 
Month 

Res used 
Hours / 
Month  

(S)  

Res 
Utilization 

(S)  

Res used 
Hours / 
Month  

(F)  

Res 
Utilization 

(F)  

Assembly 5  
 
 
 
 
 
 
 
 
 
 
 
 
 
1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

208 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

100 
% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

100 
% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

208.00 

1040.00 770.79 74 % 770.81 74 % 

M1 1  
 
 
 
 
 
 
 
 
 
 
 
 

208.00 

6.50 3 % 6.50 3 % 

M12 1 5.41 3 % 5.41 3 % 

M14 1 0.69 0 % 0.69 0 % 
M18 1 7.50 4 % 7.50 4 % 

M22 1 6.38 3 % 6.38 3 % 

M23 1 0.83 0 % 0.83 0 % 

M25 1 103.99 50 % 104 50 % 

M28 1 16.65 8 % 4.31 2 % 

M3 1 4.31 2 % 16.65 8 % 

M32 5 415.99 50 % 415.99 50 % 

M40 1 72.00 35 % 72.00 35 % 

M5 1 4.31 2 % 4.31 2 %  

M50 1 12174.30 5853 % 12174.30 5853 % 

M51 1 18.70 9 % 18.70 9 % 

M52 1 18.70 9 % 18.70 9 % 

M53 1 18.70 9 % 18.70 9 % 

M54 1 8.60 4 % 8.60 4 % 

M59 1 8.33 4 % 8.33 3 % 
M61 1 6.38 3 % 6.38 4 % 

M62 1 6.38 3 % 8.33 0 % 

M64 1 0.72 0 % 0.72 4 % 

M65 1 7.77 4 % 7.77 4 % 

M7 1 10.00 5 % 10.00 5 % 

SW 3 624.00 25.83 4 % 10.58 2 % 

Table 4 Comparison between semi-automated system and fully automated system - Jigless robot welding 

The system Work in process Throughput time Defect rate Utilization Process time 

Semi-automated 
spot welding 

62.15423498 units 
3.0965463 

minutes 
0.00059 % 4 % 1.0332 minutes 

Fully automated 
system - Jigless 

robot welding 
62.13724512 units 

3.09619806 
minutes 

0.00029 % 
2 % + 2 %  

= 4 % 

0.42324 minutes + 
0.4332 minutes = 
0.85644 minutes 
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4. CONCLUSION AND FUTURE WORK 

Experimental results have revealed the following features: 

1) Based on the experimental results, the jig-less welding method compare to the semi-automated welding 

offers most of the advantages of robotic welding such as; (a) Faster welding cycle time, (b) Increase in 

production with minimal / no breaks, (c) Less wasted material, (d) Consistent weld seams, (e) 

Increase in safety for human workers, (f) Greater precision in welding and (g) Flexibility in manipulating 

and handling a high variety of different work-pieces with less cost;  

2) Regarding to the results from excel and after comparing the two systems it is considered that the Semi-

automated spot welding has more throughput time; 

3) Results showed that, the work in process units, defect rate and operation time of the Jigless spot welding 
system is better than Semi-automated spot welding;  

4) From the AutoCAD results it can be concluded that the re-designed layout for Jigless spot welding have 

less material handling, less accident and injuries, and have less overall production cost; 

5) As for future work, this research can be extended by comparing Semi-automated spot welding and fully 

automated system - Jigless robot welding with Manual spot welding.  
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Abstract 

The article deals with using computational method and digital filters in power grid quality analysis in 

metallurgical industry. Almost all of metallurgical factories using large engines, arc furnace, induction heating 

and so on. This amount of non-linear loads which are connected to power grids cause heavy disturbances, 

which can cause big problems like damage or even destruction of machines or devices connected near the 

point, where disturbances occur, for examples near cities. Identification of disturbances is then very important 

for elimination of these problems. The article describe usage of digital filters which are applied on measured 

signal from power grid. Using these types of digital filters is necessary for identification problem in power grid.  

Keywords: Metallurgy, power grid, integration, digital filters 

1. INTRODUCTION 

When the signal from power grid is measured it is necessary adapt this measures signal for next processing. 

Digital filters are one of many tools how to adapt measured signals. Thank to development of microprocessors, 

especially 32 bit microprocessors it is possible implement this digital filter direct in code for microprocessor. 

Computing power of todays microprocessors give enough power to execute these digital filters immediately 

after measuring signal. In this paper are described appropriate digital filters for processing measured signal 

from power grid in metallurgical factory.  

2. PROBLEM ANALYSIS 

Digital filters are very popular and at the present time there are many ways how to realize them. This paper 

introduce several algorithms, which can substitute some hardware filters for measurement purposes. Digital 

filters are far more scalable than the hardware ones. On the other way, implementing into microprocessor unit 

is relatively difficult and it is needed some skills to build them. The first approach to use digital filters instead 

of hardware ones is to choose proper filter type. In this chapter will be introduced several variants of digital 

filters and its impact to input signal.  

The input signal has in principal sinusoidal running with main frequency of 50 Hz and many superimposed 

frequencies. The goal is to obtain clear sinusoidal like signal running to compute its RMS (Root Mean Square) 

value, inflection points and so on. Inflection points are very important, if it is needed, for example, to control 

semiconductor power switch. The first algorithm for filtering discrete signal was used FIR (Finite Impulse 

Response). Its formulation is in equation (1). 

P�£F � ∑ ∑ ¤�∙2H�^�F^�  (1) 

where:  

FIRn - output filtered signal 
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hj  - impulse response vector 

n - current sample 

j - length of impulse response vector 

As can be seen in Figure 1 the n-th 

sample of original signal (origi) is 

multiplied by impulse response vector 

and the results are summed into new 

signal sample FIRi. 

 

Figure 1 Principle of FIR filter algorithm 

process [own study] 

Impulse response vector can be obtained from initial DFT (Discrete Fourier Transformation) processing, or 

alike. There are many suggestions, how to setup h vector. The calculation itself has relatively high overhead 

and without optimization cannot be implemented into cheap MCU [1-5].  

On the FIR filter idea basis was developed and tested AVG algorithm. The idea is similar to FIR, but the final 

vector is averaged. Its formulation is in equation (2). 

%¥�F � ∑ ∑ ¦r∙Fq§r¨�©q¨� <FOE  (2) 

where: 

AVGn - represent output filtered signal 

wj  - history influence vector 

n - current sample 

j - number of historical samples used for averaging 

lngt - length of sampled data 

As presented in Figure 2, the current 

sample of original signal origi is multiplied 

with historical influence vector which 

represent the historical influence. The 

whole vector is averaged and this value 

create new sample of filtered signal AVGi. 

This algorithm has good results and 

require slightly less MCU overhead.  

 

 

 

Figure 2 Principle of AVG filter algorithm 
[own study] 
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Besides of two presented algorithms were tested also two simple integration algorithms. The first one use 

simple representation, presented in equations (3) and (4) [6-10].  

/ � ª[Yq«�s?�OqGE>C  (3) 

where: 

e - is simple deviation 

INTi - i-th sample of filtered signal 

origi - i-th sample of original signal 

step - constant, dependent on sampling rate  

�Z. � �Z.s� 	 / (4) 

where: 

e - is simple deviation 

INTi - i-th sample of filtered signal 

The final sample of filtered signal is calculated by subtraction of e from the i-1-th sample of signal INT. 

The second one use historical deviation value. The history depth can be varied to obtain better results 

according to the signal behavior, or sampling rate. The calculation process is presented in equations (5), (6) 

and (7). 

/� � ª[Yq«�s?�OqGE>C  (5) 

/) � ª[Yq«¬s?�OqGE>C  (6) 

�Z. � �Z.s� 	 �>�\>��)  (7) 

Where: 

e2 - deviation of k-th sample from the past 

INTi-k - i-k-th sample of filtered signal 

The final sample of filtered signal is calculated by subtraction of averaged e’s from the i-1-th sample of signal 

INT. This variant of integral algorithm has better results in some cases of original signal [5].  

The all four algorithms mentioned in text above are presented in Figure 3. The original signal is 50 Hz artificial 

sinusoidal signal with superimposed 250 Hz and 2000 Hz smaller sinusoidal signal. The all four filtered signal 

has phase shift, which is undesirable and has to be corrected. As can be seen on the same figure, there were 

implemented algorithm to find inflection points in original signal. For this purpose were calculated first and 

second derivation (y’ and y’’) and where the curve of second derivation pass zero level where marked inflection 

points. The computational demands were for presented signal are 2.985 s for FIR, 2.714 s for AVG, 

INTEGRAL1 0.08 s. and INTEGRALL2 0.014 s. The computational differences are vital [11-15].  
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Figure 3 The original signal and four tested filtering algorithms [own study] 

3. CONCLUSION 

Replacement of hardware integrator device by filtering algorithm in microprocessor is not a simple task. 

As were presented, there are many algorithms with various impact on filtered signal, with various computing 

demands, which can be used. This research is only the initial step, before the real software digital filter will be 

developed. For energy measurement purposes will be most probably suitable integration like algorithm, which 

has good results and very low computational demands. It will be necessary to express overall error before next 

advance can be done. Tests of measuring were carried out near metallurgical factories in Ostrava and 

Katowice. In this measured values is large THD which can affect classical measuring of power. On these 

measured values was applied digital filters and even with large values of THD precision below 0.5% has been 

achieved.  
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Abstract  

This article aims to present different perspectives and their respective advantages in the area of research and 

development cost integration in an enterprise using a calculation system based on the ABC method and 

choose optimum implementation the costs research and development. Research and development costs in 

industrial enterprises are often recorded for the reason of tax breaks secured by valid legislation. They are 

often neglected in terms of calculations, however, in spite of the fact that they may be substantial sums which 

the enterprise in many cases does not even translate into the selling price. At the same time, research and 

development work of a company can pose one of its biggest competitive advantages in this era. 

Keywords: Calculation method, research, development, metallurgy, implementation 

1. INTRODUCTION 

The current trend of constantly accelerating economic cycles and market globalization across all industries 

puts a substantial amount of pressure on competitiveness not only for large or multinational companies but 

also for medium-sized and small firms. Research and development activities are often considered the most 

significant competitive advantages of such enterprises. They are a part of a comprehensive system of company 

strategic cost management. In this way, it is also possible to talk about their secondary effect, namely cost 

optimization in industrial and metallurgical production.  

2. DEFINITION OF RESEARCH AND DEVELOPMENT 

Research and development consist of a very broad range of activities. In consequence, there is no completely 

uniform or comprehensive definition of these concepts. This is also due to different views and approaches to 

these activities. The so-called Frascati Manual sets out, in accordance with the D-288 Guideline issued by the 

Czech Ministry of Finance, basic criteria for differentiating between research and development, namely “the 

presence of a rateable element of novelty and clarification of research and technical uncertainty” [1]. Income 

Tax Act No. 586/1992 Coll. as amended defines research and development costs (expenses) as “expenses 

(costs) which the taxpayer deducts from the base tax amount from the date of submitting the intention to deduct 

from the tax base to support research and development in the realization of research and development projects 

for 1. experimental of theoretical work, 2. design and construction work, 3. calculations, 4. technology design, 

5. production of a functional sample or prototype of a product or its part(s) related to the realization of a 

research and development project.” Furthermore, it defines the means of recording such expenses (costs) as 

well as expenses (costs) which cannot be considered as research and development costs (expenses) under 

this Act. Further views and clarification of the term “research and development” are offered by accounting and 

tax legislation, formally regulated by the Accounting Act No. 593/1991 Coll., which defines the individual types 

of costs that can be considered from the accounting and tax point of view as research and development costs 

together with their accounting and reporting methods. It is also necessary to take into account the procedure 

protocol for the accounting act for entrepreneurs, which, effective from January 1, 2018, deleted the item 
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“research” from a list of intangible fixed assets on the basis of Directive 2013/34/EU and left only 

“development”. This provision is supplemented by Czech Accounting Standards Nos. 013 and 017. When 

defining these areas in practice, companies usually follow the International Accounting Standards (IAS/IFRS), 

in particular IAS 38. This standard defines research as “original and planned research carried out with the 

objective of acquiring new scientific or technical knowledge” while defining development as “use of research 

results or other knowledge to plan or develop new or substantially improved materials, devices, products, 

processes, systems or services, prior to commencement of their commercial production or use.” [2]. When we 

consider the conclusions in the Interpretation No. 40 of the Czech National Accounting Council - Reporting of 

Intangible Results of Research and Development, it is clear that the standpoint contained therein corresponds 

with the aforementioned IAS 38 standard. This interpretation specifies the definitions of “research as original 

and planned research carried out with the objective of acquiring new scientific or technical knowledge, whereas 

development is defined as use of research results and other knowledge with the purpose of planning or 

designing new or substantially improved materials, devices, products, processes, systems or services, prior to 

commencement of their commercial production or use.” [7] The interpretation No. 40 also defines methods of 

registering, accounting, and depreciation of research and development costs. However, the issue introduced 

has a much greater impact than just tax, as it might seem at first glance. It significantly affects the company’s 

financial position, assets, disposable profit, and, finally, company calculations. For calculations, the managerial 

concept of research and development costs is used. They are understood in a broader context, in contrast 

with financial statements and transactions that serve as a source of data. The last variant mentioned, 

calculation, it the subject of this article. 

3. MANAGERIAL CONCEPT OF RESEARCH AND DEVELOPMENT COSTS 

As is apparent from the aforementioned legislative requirements, research costs cannot be capitalized as 

intangible fixed assets (IFAs) as they do not meet the asset characteristics provided by law, partly due to 

uncertainty regarding the research outcome. Research costs must therefore be considered as expenses in an 

accounting period. On the other hand, development costs can be capitalized as IFAs and further depreciated, 

if the conditions set have been met. These differences in accounting and registration subsequently affect 

economic results as well as income tax. This particular aspect will be thoroughly explained in a case study. 

The basic criterion for the managerial view of research and development costs is cost differentiation based on 

1. degree of dependence on the volume of performed tasks and 2. calculation breakdown. In the first case, we 

distinguish between variable and fixed costs, whereas in the second one the costs are divided into one-off 

costs and overheads. [3]. In order to evaluate of research and development costs, we must use the values 

recorded in accounts. However, it is necessary to approach these costs not only through the optics of legislative 

requirements on research and development costs as mentioned above, but also through a procedural point of 

view. In practice, this means that we also add other costs to R&D that are not primarily defined as research 

and development costs but are closely involved in and have influence on research or development of the 

contract or item itself. When implementing the ABC calculation method in an enterprise, different procedures 

for research and development cost allocation may arise due to the facts mentioned above. This issue is 

addressed in this article. 

3.1.  Activity Based Costing calculation 

The ABC is a process-oriented calculation method that assigns costs to individual activities. The goal of this 

calculation method is to identify true causes of costs and to allocate overhead costs to activities performed, on 

the basis of which they are subsequently assigned to cost objects [4]. This is where different views on research 

and development costs may arise, as development costs are influenced by customer demands, whereas 

research costs are realized completely independently of any specific customer requirements. From this point 

of view, R&D costs are in both cases assigned to different types of costs during calculation, although they are 

always regarded as fixed costs by the primary distinction. However, the causal aspect specifies the allocation 
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of these costs in more detail. This entirely different concept requires the creation of ABC calculation on the 

basis of different assignment of R&D costs. The case study included in this article will show the differences in 

the abovementioned R&D cost allocation methods in practice. 

4. CASE STUDY 

A certain metallurgical company that was selected for the purposes of this case study has managed to build 

its own development facility over the years, employing a team of highly skilled professionals. This development 

facility has at its disposal the necessary technological background for material research. The costs of this cost 

centre are assigned directly to it. For the purposes of this study, the cost centre was named “Development”. 

However, employees of other cost centres, such as technology and/or construction, can also be involved in 

development. In some cases, the company management decided to cooperate on the project with an external 

supplier of technical documentation. This is the situation that was selected for the purposes of creating a 

calculation model in this case study. It concerns development of a new type of material for castings according 

to parameters required by a customer with a contract for 5 years. The fact that the assignment of development 

work was based on customer requirements defines the nature of the costs. We are therefore dealing not with 

research costs, but with development costs. As the first step, it is therefore necessary to decide which costs 

are to be included in the total development costs and which should be excluded. 

4.1.  Analysis of costs in question  

Data acquired for the purposes of cost analysis were assigned to the “Development” cost centre for the period 

in which this cost centre was tasked with realization of the development project in question. This concerns 

material consumption, energy consumption, labour costs, depreciation, other operating costs, operation 

material, services and intangible fixed assets in form of technical documentation obtained under a contract 

from an external supplier. A more detailed look at partial cost categories gives us room for their thorough 

analysis and subsequently allows us to decide whether or not to leave them in the category of total 

development costs. Material consumption - all material used directly for construction of a new type of material 

for castings in development. Energy consumption - these costs are partly direct energy consumption (energy 

used by technologies and machines) and partly indirect energy consumption for common premises and 

buildings of the “Development” cost centre. Labour costs - or personnel costs that include wages of both 

laborers and technicians of the “Development” cost centre together with statutory tax. Depreciation - reported 

value includes only depreciation of technologies and machines used by the “Development” cost centre. Other 

operating costs - this particular type of costs includes property insurance and fees of the “Development” cost 

centre. Operation material - this includes workwear, small tools, fuel, office supplies etc. used by the 

“Development” cost centre. Services - services include travelling or representation costs together with rent, 

repairs and external costs of development and production of a prototype. In this particular case, the costs 

under this bracket partly consist of accrued external costs of research and development of a project other than 

the one addressed in this case study, which amount to 520 thousand CZK. Intangible fixed assets (IFAs) - 
their total value derives from externally supplied technical and construction documentation for the development 

project in question. Personnel costs of the Technical Department (TD) - personnel costs of constructors and 

technicians involved in the development project in question described in this case study, together with statutory 

tax. The value of these personnel costs was determined from accounting records. 

4.1.1.  Accounting and tax differentiation of development costs 

If we are to adhere to legislative requirements for quantifying and adjustment of research and development 

costs, we need to make the following changes. In particular, it is necessary to exclude part of the costs from 

Services, as they are related to another development project as described above. The costs thus excluded 

amount to 520 thousand CZK. Of the total amount of accounting costs of the “Development” cost centre after 

legislative amendments, only 21,417 thousand of CZK remain as costs of the development in question. 
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Employees of the Technical Department (TD) - designers and technologists - were also partly involved in the 

development project in question. Therefore, in order to calculate total value of costs of the development project 

and valuation of the intangible asset, it is necessary to calculate their share in the form of personnel costs with 

a causal link to the project in question. These costs amount to 1,930 thousand CZK. The structure of these 

costs is as shown in Table 1. Adjustments are marked with an arrow. 

Table 1 Total structure of costs for development project according to accounting and  

              tax legislation (in thousands of CZK). 

Cost type Book value Value excluded Final cost value 

"Development" cost centre 

Material consumption 3,528   3,528 

Energy consumption 198   198 

Operation material 166   166 

Personnel costs 5,772   5,772 

Depreciation 3,408   3,408 

Other operating costs 13   13 

Services 1,096 520 576 

IFA 7,756   7,756 

Total "Development" costs 21,937 520 21,417 

"TD" cost centre Personnel costs 1,930   1,930 

Total "TD" costs 1,930   1,930 

Development costs IN TOTAL 23,867 520 23,347 

Total cost value of the development project in question therefore amounts to 23,347 thousand CZK. This value 

is further capitalized as an intangible fixed asset and depreciated in accordance with applicable law and 

internal accounting guidelines of the company. The Income Tax Act specifies the minimum depreciation period 

for development costs as 36 months. Annual depreciation value will amount to 7,782 thousand CZK. If we 

consider the same costs from a managerial point of view, changes can be made in a different way. 

4.1.2.  Managerial differentiation of development costs 

The difference in the managerial concept of costs may arise from a different view of the entire development 

process, as it is considered through the optics of life cycle of the resulting product. The product lifecycle also 
takes into account costs incurred at various stages of design and performance preparation [5]. For this reason, 

costs of the development project are supplemented with the value of technical provision of the project from the 

previous financial year, which amounts to 1,200 thousand CZK. Another adjustment is made by adding the 

value of energy consumption of common areas for the duration of the realization of the development project, 

as well as value of depreciation of buildings in which the development project was being realized. In total, this 

amounts to 2,645 thousand CZK. The last adjustment to the total value of the development project concerns 

exclusion of costs which are not closely related to the development project in question, i.e. are fixed in relation 

to activities of the whole “Development” cost centre. In this case study, these are only operating costs which 

include, as stated in paragraph 4.1, property insurance and one-off fees. The costs omitted in this way amount 

to 13 thousand CZK. All cost adjustments are indicated in Table 2 together with their respective descriptions. 

The total value of the costs of the development project amounts to 27,179 CZK, which is 3,832 CZK more than 

in the previous case referred to in paragraph 4.1.1. 

The approach to depreciation of these costs after their capitalization as IFAs will also be different. Depreciation 

will take place on the basis of length of the contract that stood at the beginning of this development project 
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and de facto started it. The length of said contract was set at 5 years. This figure also serves as schedule basis 

for depreciation of total IFA value of the development project. In this case, the value of annual depreciation will 

amount to 5,436 CZK. Both of these different approaches - accounting and managerial - are important mainly 

because both serve a different decision-making purpose, and both pose as a starting point for different 

calculations. For the purposes of this article, only managerial approach will be used, as we will further consider 

integrating these costs into activity structure and later cost matrix in the ABC calculation. 

Table 2 Total cost structure for development project from managerial point of view (in thousands of CZK) 

Cost type 
Book 
value 

Value 
excluded 

Value 
added 

Final 
cost 
value 

      

"Development" 
cost centre 

Material consumption 3,528     3,528       

Energy consumption 198   
 

60
 

258  
energy consumption of buildings  
during project realization 

Operation material 166     166       
Personnel costs 5,772     5,772       

Depreciation 3,408   
 

2,585
 

5,399  
depreciation of buildings during  
project realization 

Other operating 
expenses 13 13   0       
Services 1,096 520   576       

IFA 7,756   
 

1,200
 

8,956  
technical support for the project - 
accruals  

Total "Development" costs 21,937 533 3,845 25,249       
"TD" cost 

centre 
Personnel costs 1,930     1,930 

      
Total "TS" costs 1,930     1,930       

Development costs IN TOTAL 23,867 533 3,845 27,179       

4.2.  Placement of development costs into ABC calculation structure 

The placement the costs to development is problematic point often in the ABC structure. The basic ABC 

structure distinguishes between primary and supporting activities. Differentiating activities into these two 

groups is essential for creating cost matrices for activities as well as other steps included in this method. All 

this has a significant impact on calculations of costs of individual activities, determination of performance 

consumption for supporting activities and subsequent cost allocation [6]. When considering placing 

development costs in the ABC structure, multiple possibilities arise, from which two will be presented. Variant 

1 - Costs of the “Development” centre will be included in the structure primarily as a supporting activity and 

only a part of development costs of the project in question will be allocated to become a part of the primary 

activity named “Technical support of production”. When applying the ABC method, the cost value of the 

development project, as primary activity, would affect performance of the entire “Technical support of 

production” and would be allocated to the cost centre. Remaining costs of the “Development” centre, as 

supporting costs, would be assigned proportionally to other primary activities. This approach is demonstrated 

by a simple ABC calculation structure as shown in Table 3. 

Table 3 Classification of development project costs as primary activities 

PRIMARY ACTIVITIES SUPPORTING ACTIVITIES 

Initial logistics Customer process 
Technical support of 

production 
Production process Supporting activities 

Ordering  Customer service  Technical documentation  Production planning  Economic and personnel   
Receipt of 
material Acquisitions Technological procedures Forming  IS support   
Storage  Expeditions Development project Melting  Machine maintenance  

      Tarnish removal 
Building repairs and 
maintenance 

      Metalworking Solving equipment failures 

      Quality control Development  
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Variant 2 - Costs of the development project will be included in total costs of the “Development” cost centre 
which in turn will be included among supporting activities in the ABC structure. The total costs of the 
“Development” centre including costs of the development project, as supporting activities, will thus be allocated 
to primary activities (Table 4). 

Table 4 Total costs of the “Development” centre designated as supporting activities 

PRIMARY ACTIVITIES SUPPORTING ACTIVITIES 

Initial logistics Customer process 
Technical support of 

production 
Production process Supporting activities 

Ordering  Customer service  Technical documentation  Production planning  Economic and personnel   

Receipt of material Acquisitions Technological procedures Forming  IS support   

Storage  Expeditions     Melting  Machine maintenance  

      Tarnish removal Building repairs and maintenance 

      Metalworking Solving equipment failures 

      Quality control Development  

The way development costs are included in primary or supporting activities in the ABC activity structure has a 
significant impact on allocation of these costs which will ultimately become reflected in the difference in cost 
values generated by different groups of products and activities. 

5. CONCLUSION 

The limited scope of this article does not allow for demonstration of additional problematic points arising from 
inclusion of research and development costs in enterprise calculations. It is also impossible to consider the 
entire calculation process in more detail. The purpose of this article was to highlight the differences in 
approaches to these types of costs as well as the need for a cautious approach when choosing the type of 
costs classified between research or development costs and their differentiation. Due to inconsistent and 
questionable legislative requirements as well as a rather vague definition of these costs, it is necessary to 
approach this matter with great caution. However, when it comes to calculations, it is necessary to take into 
account primarily the output of the calculation we intend to use, i.e. what decision-making purpose our 
calculation will serve. 
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Abstract 

The article deals with the automatic selection of the binarization method using advanced methods of artificial 

intelligence. The input images to the algorithms are images of serial numbers from industrial environments,  

for example on iron and steel billets, slabs, etc. The surface of these products is in most cases severely 

damaged by industrial processes, such as traces of cut, rust, noise, surface roughness, etc. Text recognition 

is a very common topic nowadays. All investigated solutions are based on the fact that each image is binarized 

by a single defined method and the accuracy of recognition is given only by the quality of learning of the neural 

network. Especially in an industrial environment, it is difficult to create a universal method for unambiguous 

methods for text recognition. The innovation described in this article is the automatic selection of the 

binarization method (from the Bradley, Niblack, Sauvola methods etc.), which increases the accuracy already 

in the phase before the text recognition itself, which with the subsequent correct combination of filters leads to 

an overall increase in accuracy. 

Keywords: Binarization, image recognition, neural network, image filters 

1. INTRODUCTION 

Obtaining information from text files, photos, videos and other resources, it is nowadays a very attractive sector 

with innumerable practical applications. Text recognition on industrial products is complicated by the large 

number of defects and the extensive range of font and material properties themselves. The basic defects 

include traces of cuts, corrosion, abrasions and damage caused by handling the product, etc. As a result, 

many text detection and recognition systems are absolutely unusable, or rely on the created functions for basic 

data, making them applicable to only one issue. The main goal of the topic is to create algorithms and methods 

for different types of binarization of images from the industrial environment. Based on specific properties  

and parameters of images, an algorithm was subsequently created using artificial intelligence methods,  

which can select the optimal method of binarization. Such a selected image will continue to be subjected  

to algorithms for character selection and text recognition in the image. The output of all applied methods  

is reading text from an image from an industrial environment with higher success. [1] 

2. BINARIZATION METHODS 

The process of converting an image to binary is called binarization. Binary images are those images whose 

pixels have only two possible intensity values. From a programming point of view, it can be said that the input 

image, which contains multiple color spectra (RGB, CMYK), is converted into a two-dimensional boolean array 

according to certain rules. Binary images are produced by so-called thresholding in grayscale or color image 

so that the object in the image is separated from the background. The color of an object (usually white)  

is called the foreground color. The rest (usually black) is referred to as the background color. However, 

depending on the image to be thresholded, this polarity may be inverted. In this case, the object is displayed 

with zeros and the background has a non-zero value. [2,7] 
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Niblack method 

Wayne Niblack proposed an algorithm that calculates a binarization threshold for each individual pixel  

by moving a rectangular matrix across the image. The threshold value T for the center pixel of the matrix  

is calculated using the mean value and the variance of the intensity values in the matrix according  

to the equation (1). [8] 

. � � _ � ∙ ,               (1) 

where: 

m - the mean value of the pixels inside the array 

k - constant in the interval <0; 1>, set to 0.2 according to Niblack 

σ - the standard deviation value of the pixels inside the array 

The quality of binarization depends on the parameter k and the size of the working matrix. The Niblack method 

is one of the most commonly used methods and is the basic principle of several other methods. This method 

can effectively detect text even at very low contrast. One of the main limitations of this method is that  

it generates a large amount of noise in empty matrices. It also requires that the size of the matrix  

and the values of the factor k be determined manually. [3-5,9] 

Sauvola method 

The Sauvola algorithm is a modified form of the Niblack method. The aim of the method is to solve the problem 

of the existence of noise depending on the impact on the standard deviation value using a range of gray  

level values in the image. The method finds better results under conditions where there is an obvious  

difference in color contrast and light structure in the image. The threshold value is calculated according  

to the equation (2). 

. � � �1 	 � �1 	 ®��              (2) 

where: 

m - the mean value of the pixels inside the array 

k - constant in the interval <0; 1>, set to 0.2 according to Niblack 

σ - the standard deviation value of the pixels inside the array 

R - standard deviation dynamics, usually 128 

The method works well in eliminating noise to a high level. Conversely, if the contrast between the background 

and the foreground is low, or if the text in the image is thin in style, the algorithm cannot process the image 

properly and the result is greatly distorted. The size of the matrix and the value of the factor k must also be set 

manually, as with the Niblack method. [3,4] 

Bradley method 

The method was designed for adaptive thresholding using image integration. The proposed method  

is an extension of the Wellner method, but it is more resistant to changes in luminosity in the image.  

At the same time, however, it remains relatively simple and easy to implement. In the first phase  

of the algorithm, the sum of f(x, y) is calculated at each location I(x, y) of the expressions to the left and above 

the calculated pixel according to equation (3). 

���, L� � M��, L� _ ��� 	 1, L� _ ���, L 	 1� 	 ��� 	 1, L 	 1�         (3) 
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where: 

x, y - position of pixels in matrix 

After converting the given image to an integral image, the sum of the function for any rectangle with  

the upper left corner (x1, y1) and the lower right corner (x2, y2) can be calculated in constant time according  

to equation (4). [3-5] 

∑ ∑ M��, L�I�I^I�A�A^A� � ���), L)� 	 ���), L� 	 1� 	 ���� 	 1, L)� _ ���� 	 1, L� 	 1�       (4) 

where: 

x, y - position of pixels in matrix 

Outputs from different binarization methods 

As can be seen in Figure 1, the output from each method is quite different. It is not easy to say which method 

is the best, each is used for a different type of input image. This is why it is not advisable to always use only 

one type of binarization, but to dynamically select the one that shows the most suitable results for other 

algorithms. These outputs of binarization methods are better perceptible for algorithms than for the human 

eye, especially in such a low resolution. Therefore, the outputs may appear to have much worse properties 

than the input image. After the subsequent filtering of the image, elimination of various types of noise and other 

adjustments, however, the text or its parts that can be recognized will remain. 

 

Figure 1 Results of different binarization methods 

3. AUTOMATIC SELECTION OF THE BINARIZATION METHOD 

There are several ways to achieve automatic selection of a binarization method. One of the possibilities  

is to compare the parameters of images after individual binarizations. It is assumed that the values  

of the parameters, their ratios, etc., at which the output is most suitable, are known. Another possibility  

is to use artificial intelligence methods for recognition, such as a neural network. A backpropagation neural 

network was used for the procedure below. This variant was chosen because it is possible to define an output 

for individual inputs for the learning phase. The advantage of the input images is their color spectrum,  

which is basically always in shades of gray. Therefore, these images can be considered as a training set  

of the neural network without major modifications. It can be assumed that future images will have the same 
properties.  

Image with the serial number is taken from mobile camera, 3D scanner or a standard high-resolution reflex 

camera with subsequent image processing. Mostly all of these images have high resolution, which makes  

the whole process many times slower. Therefore, first need is to reduce the input image size. The output 

resolution was chosen to be 320x240 px so that the aspect ratio was maintained, the number of pixels  

was significantly reduced, but at the same time the data in the image was preserved. The next process  

is to transform the data from a two-dimensional array to a vector. At the end of this process, all pixel values 
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are divided by the maximum value of the color spectra to achieve values in the range from 0 to 1. The data 

prepared in this way can be used as input to the neural network. [6] 

There were created algorithms for binarization by methods Bradley, Feng, Niblack, Sauvola and Nick. Between 

these methods, the neural network decides according to the internal properties of each input image.  

The principle of the automatic selection method is that for certain parameters of the input image,  

such as brightness, contrast, accumulation of pixels in parts of the image, etc., a certain type of binarization  

is suitable. So far, a partial disadvantage is the smaller training set used, as it is relatively difficult to find optimal 

images for individual binarization methods. As is generally known, a neural network needs a sufficient number 

of patterns with a suitable distribution, ideally one that corresponds to reality. Therefore, it is necessary  

to supplement the training set and set the network parameters so that it shows the most suitable results without 

overtraining. The neural network was learned in 1000 epochs with 40 hidden neurons and a 0.00005 learning 

rate. Several variants of parameter settings were used, these showed the best success on the verification set. 

[10] 

Figure 2 shows the input images on which the text recognition method was performed. For comparison,  

the OCR function in the MATLAB programming environment was used, which generally has satisfactory 

results.  

 

Figure 2 Test images from the industrial environment 

The OCR results of the original images and those that were subjected to the automatic binarization method 

selection algorithm are shown in Table 1. It is possible to see that after the application of advanced methods, 

the success of OCR was increased only due to the appropriate choice of binarization. The average success 

rate of OCR on original images is around 18 %, after the application of the above methods it increased  

to almost 63 %. These outputs are filtered and modified to eliminate as far as possible interfering elements 

and parts of the image that are in no way associated with the text that needs to be cleaned. 

Table 1 OCR results that were applied to the original images and to the images that were binarized using  

              the automatically selected method 

Test 
image 

Text  
in image 

Original image Automatic binarization method 

OCR result Success rate (%) Selected method OCR result Success rate (%) 

1 14675400 - 4 - 7 5 4 - - 50 Nick - 4 - 7 5 4 0 0 75 

2 163229041 - - - - - - - - 1 11 Feng - 6 - 2 2 9 0 - 1 67 

3 734822 1 - - - - - 0 Nick 7 8 - 8 - - 33 

4 734952 - - - - - 2 17 Bradley 7 - - 8 5 2 50 

5 14675400 - - - - - 4 2 2 13 Nick 1 4 - 7 5 4 0 0 88 

4. CONCLUSION 

There are many methods by which image binarization can be achieved. The important question, however,  

is which method is suitable for a given type of input image. It is not possible for there to be one method that  

is optimal for all types of images. The article describes and applies a method for automatic selection of image 
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binarization method. The basis for the created algorithms is a backpropagation neural network,  

as it provides suitable properties for such operations as the type of learning, the required performance  

or the range of network settings. Part of the article is to test the developed method on five different images 

with serial numbers from the industrial environment, which show obvious material defects. The result  

is an average increase in the recognition success of individual characters by 45 %. The next process after 

binarization is the need to filter the image, reduce noise and eliminate other defects. These processes  

are another important factor for the correct recognition of text from an image. 
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Abstract 

Electronic information transfer has existed for decades, and the many advantages of this type of 
communication are employed by large companies where quick, flawless and secure data transfer is essential. 
Many companies use advanced information systems internally, hence most of their documents are created in 
electronic format. It could therefore be said that for companies to exchange documents in hardcopy or via e-
mail and manually file these documents is an anachronism. If a company decides to take advantage of more 
modern data transfer technology, this is often more a necessity rather than a competitive advantage if the 
enterprise wants to remain relevant to key customers or suppliers. 

The aim of the article was to identify the suppliers and customers who would be ideal to implement joint EDI 
communications with, predict the efficiency and speed of purchasing and sales processes, recommend the 
broader use of EDI communication integration, evaluate the advantages and disadvantages of implementing 
EDI, and subsequently propose a suitable EDI cloud solution to integrate with the information system at a 
metallurgical enterprise. 

Keywords: EDI, information system, purchasing, sales 

1. INTRODUCTION 

This is a key component of electronic trade and forms a part of almost all sectors of commerce. Not long ago, 
electronic trade was considered somewhat revolutionary in business administration [1].  

When this form of trade began, its essence was very simple. Even today, products, goods or services can be 
traded directly and very simply with only pencil and paper. Even a computer at a simple level is an electronic 
version of paper and pen, but of course, much faster and more advanced [2]. Over time, banks began to 
intervene in this form of trade to manage finance, as did public authorities and courts to maintain correct 
fulfilment of contracts. This significantly complicated trade. Moreover, the demands on the speed and volume 
of trade keep rising [3]. 

All these needs, which include more than speed, security and economy, are fulfilled by electronic data transfer. 
The stakeholders in electronic trade processes intervene only sporadically, the need to rewrite documents into 
corporate systems ceases to exist, and communications between two systems become automated 
(communication and document exchange scheme is shown in Figure 1). 

The abbreviation EDI comes from the term in English: Electronic Data Interchange. In a broader sense, this 
means the electronic interchange of standard structured business and other documents or messages between 
two applications of two independent entities, which means the exchange of data in the same form in a unified 
“language” between the applications of two independent business partners. EDI initially automated the 
interchange of documents, such as orders, invoices, delivery notes and shipping documents [4]. Although 
some companies still use EDI for document automation, companies involved in the principle of Just-In-Time 
supply and non-stop production use EDI as a system for continuous supply [5]. Suppliers have direct access 
to selected sections of purchasing for production and scheduled deliveries and can automate dispatch of 
materials and goods to fulfil prescribed procedures without any intervention from company managers. 
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Figure 1 Simplified diagram of EDI document exchange 

2. SELECTION OF SUITABLE ENTITIES TO IMPLEMENT THE EDI COMMUNICATION PROCESS  

The corporate system studied in this article includes approximately 2,900 supplier and 5,000 active customer 
entities. Of these almost 8,000 entities, just under 1,900 are registered simultaneously as a supplier and 
customer. Only several entities will be selected for EDI implementation. An introduction to the communications 
process would be fundamentally relevant to these entities regarding time and costs savings and reduce the 
error rate in manual document entry. 

The main criteria for selecting suitable entities to implement EDI communications are: 

a) Entities with a high number of entered invoices; 

b) Entities with a high number of entered items in one invoice; 

c) Entities with high invoicing values. 

According to the above criteria, eight entities were selected, two being both suppliers and customers of the 

company Dileris. The specific data of the individual criteria for each of the selected entities are given in  

Tables 1, 2. 

Table 1 Values and volume of invoices of the entities selected for EDI in 2018 (in CZK) 

Entity 2018 Purchase Sale 
Average number of 
items per invoice 

(units) 

    
Invoice value 

(mil.) 
Invoice quantity 

Invoice value 
(mil.) 

Invoice 
quantity Purchase Sale 

A   3.2  701 407  125 2 55 

B       15  33   45 

C       8.5  16   10 

D       4.4  125   4 

E   355  3,983 2.7  172 25 6 

F   44  733     20   

G   10.5  313     8   

H   6.1  72     7   

                

Total for selected entities 418.8  5,802 437.6  471 
  

               

Total for all entities 451 8,711 509 6,388 
  

  

In 2018, invoices were issued to 1,470 entities, and purchases were made from 211 entities. 

Customer’s information 

system 

Supplier’s information 

system 
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Table 2 Values and volume of invoices of entities selected for EDI in 2019 (in CZK) 

Entity 2019 Purchase Sale 
Average number of items 

per invoice (units) 

    
Invoice 

value (mil.) 
Invoice 
quantity 

Invoice 
value (mil.) 

Invoice 
quantity Purchase Sale 

A   2.8  569 518 189 2 50 
B       6  10   40 
C       0.75  2   4 
D       1.2  24   4 
E   409  1,861 2.3  169 20 6 
F   38  609     20   
G   10  452     10   
H   2.5  30     6   
                

Total for selected entities 462.3 3,521 528.25 394   

              

Total for all entities 495 6,190 610 5,755   

  
In 2019, invoices were issued to 1,345 entities, and purchases were made from 173 entities. 

 
       

  Purchases and sales      

  Purchases or sales      

All eight entities were asked whether they were EDI ready, i.e. connected to EDI communication, and all eight 
entities responded affirmatively. Two of these eight entities are business partners who exchange purchasing 
and sales documents with clients, specifically clients A and E. These two entities also have the highest number 
of entered purchase invoices and almost the highest number of sales invoices. 

The average number of items per invoice was also determined for the needs of the EDI provider. This 
information is also shown in the tables.  

For clarity, the tables above also mention the total value and volume of invoices in the purchasing and sales 
documents issued to all entities in 2018 and 2019. The total number of entities invoiced in the individual years 
is also shown in the tables. 

Tables 1, 2 show that the implementation of EDI would have the greatest effect on purchasing documents. 
The quantity of these documents in both listed years is higher than that of sales documents and covers most 
of the purchasing documents overall.  

The tables above also indicate that in both years, purchases and sales with selected entities reached majority 
values compared to the total value of issued documents. Concerning the quantity of documents, over half of 
the purchase documents in both years were entered for five of the aforementioned entities. A significant 
difference is evident in the number of sales documents, caused by a large number of documents issued for 
small amounts. This claim is also corroborated by information regarding the number of entities invoiced in both 
years. It is clearly evident from the tables that an average of CZK 80 million is dispersed across more than 
5,500 sales documents, at approximately the same ratio in both years. 

3. SELECTION OF A SUITABLE EDI SOLUTION 

An EDI solution called ORiON produced by the company GRiT was selected for integration into the existing 
information system after consideration of price, the company’s experience with implementation, and 
discussions with their sales representatives. 



May 20 - 22, 2020, Brno, Czech Republic, EU 

 

 

1365 

Exchanging a large number of documents, the electronic document flow runs directly with the corporate 

system, users work directly with the documents in the system as they are accustomed to doing, and no need 

arises to rewrite them manually. A requirement is an EDI bridge (plug-in) which allows the information system 

to connect to the EDI provider. 

ORiON EDI has currently resolved connections with over 150 information systems in the Czech Republic and 

Slovakia and has more than 2000 partners. 

The ORiON system’s advantage is that it uses a large number of related services which GRiT offers through 

the platform. Among the most interesting of these are the ORiON data mailbox, payment by Roger, insolvency 

monitoring, electronic catalogues, and a mobile application which can track received orders from a mobile 

phone or tablet. 

For the metallurgical company, the greatest advantage of the ORiON solution is the existing cooperation 

between GRiT and the affiliates of the metallurgical enterprise. 

4. EDI IMPLEMENTATION  

To prepare integration of the EDI system with the corporate information system, certain information essential 

to integration and subsequent implementation must be known [6].  

This is primarily information the provider should be given, i.e. data on the metallurgical company, details of the 

demands placed on EDI communication, and specifics about the information system. It is also important to 

have information about the business partners the company communicates with. The final step of integration is 

modification of the ERP for EDI communication. 

Below is a list of the specific information the provider needs from the client requesting connection to EDI 

communication, in this case, the metallurgical company: 

 Results of the analysis of current processes at the company. In the case of the metallurgical company, 

the provider will be given information from the analyses described in Chapter 3; in many other cases, 

the provider conducts the analyses itself; 

 Preferred solution offered by the selected provider; 

 GLN code; 

 Contact person or persons for resolving EDI issues; 

 Information about the ERP system: which system is involved, what outputs will be given to the provider 
(XML, position text file, IDOC, etc.), and samples and descriptions of messages which will be 

components of the EDI communication. 

Other information required by the provider to configure EDI communication concerns the Dileris company’s 

business partners, specifically: 

 Whether the partner is EDI ready, i.e. already connected to EDI communication; 

 Whether the partner is EDI ready. A sample of messages and their descriptions is required to determine 
any need for modifications in the translation templates. If a production variant or modification of 

translation templates becomes necessary, Dileris would incur additional costs because these 

modifications are above-standard services. Unfortunately, these services are not a part of the 

implementation package or monthly fee to operate the provider’s services; 

 Information about the ERP system: what type of system it is, what outputs will be given to the provider; 

 Applied standard: e.g. EDIFACT (respectively, the EANCOM standard or other subsets of EDIFACT), 

ANSI, VDA, etc; 

 EDI solution: direct interchange, VAN operator, provider, without integration - WebEDI; 
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 In the case of a VAN operator solution, its business identification details to ensure connection, and in 

the case of an EDI provider solution, also its commercial name; 

 GLN code; 

 Contact person or persons for resolving EDI issues; 

 Product identifiers (EAN codes, Part Numbers, own indicators). 

For completeness, the steps which commonly follow the processes mentioned in this chapter are listed below. 

Because this article only addresses a proposal for implementation and the procedures below concern 

implementation itself, none of the given steps will be elaborated in detail.  

Processes related to implementation: 

 Testing EDI communication; 

 Deployment of EDI or implementation of a separate solution; 

 Pilot operation of EDI message interchange; 

 Evaluation of trial operation; 

 Launch of live EDI message interchange. 

Data interchange requires approximately 1-3 months to fully implement (this includes a month of trial 

operation). This period is strongly subject to any required modifications to the corporate system and the specific 

requirements of the business partners. However, given the expertise and experience of technical support in 

modifying these information systems, the time required will most likely be less.  

5. EVALUATION OF THE EDI IMPLEMENTATION PROPOSAL 

This section discusses whether any advantages can be expected over the current solution and their extent. 
According to the SWOT analysis compiled and evaluated in the first section of this chapter, the strengths, 

weaknesses, opportunities and threats in the project undertaken in this paper will be described. The internal 

and external position of the project within the scenario will be evaluated. 

In the first SWOT analysis of the metallurgical company (Figure 2), the six basic factors affecting electronic 

data interchange in each area in the proposed project are listed. These factors specifically concern the impact 

of the internal environment, which relates to strengths and weaknesses, and the impact of the external 

environment, which relates to the opportunities and threats in the venture. 

The second SWOT analysis (Figure 3) indicates the evaluation results. Important information can be inferred 

from this evaluation.  

To correctly express the resulting information from the SWOT analysis and for these results to be 
comprehensible by the other party, the steps which the author followed to reach the individual results are 

necessary to describe. 

The first step assigned importance and value ranges to the individual SWOT analysis factors. Importance 

obeys the rule that the higher the number, the greater the importance, and that the sum of importance in each 

area must be equal to 1. The value range is 1 to 4, where 1 represents the worst assessment and 4 the best 

assessment.  

The second step multiplied the individual importance scores and assessment values to obtain the resulting 
values whose sum is the SWOT analysis evaluation for each area. 

From the resulting values, the individual factors were then arranged from the most important to the least 

important.  

In the previous step, a SWOT matrix can also be deduced from the SWOT analysis evaluation and provide a 

method to select a suitable strategy. Factors with strategic importance and the selected optimal strategy are 

marked in bold outline. 
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The next steps evaluated the external and internal environment factors, i.e. the EFE, IFE, and IE matrices. 
The key values from the results of these two analytical techniques are shown as the sum of internal and 

external environment impacts. 

 
Figure 2 SWOT analysis of the metallurgical company: factors crucial in the EDI project 

 
Figure 3 Evaluation of the SWOT analysis of the metallurgical company 
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The SWOT analysis identified the primary and most important factors of individual areas:  

 Strengths 

From the analysis, it may be inferred that the most important strength in the metallurgical company’s project is 

the experience of certain employees with EDI. This may fundamentally affect and accelerate any future 

implementation if the company’s employees can provide realistic ideas about the advantages and 

disadvantages of this form of electronic communication and the functionalities of the project. This may also be 

very helpful in supporting the project and gaining its approval from company management.  

 Weaknesses 

Another factor which impacts internally on the project is its weaknesses. The project’s greatest weakness are 

the input costs of implementation, i.e. specifically the costs involved in adapting the ERP for communications 

capability in the EDI format. Unfortunately, these costs cannot be greatly adjusted if the EDI solution is required 

to deploy EDI communications under which the provider guarantees automated data interchange between the 

sender’s and recipient’s corporate systems. 

 Opportunities 

According to the SWOT analysis, the most fundamental opportunities from the external environment is in cost 

savings for human resources and other costs such as consumables and the possibility of unlimited 24/7 trade 

(24 hours a day, 7 days a week). Both of these factors may result in an increase in the company’s gross profit, 

which is one of the primary objectives of any enterprise. 

 Threats 

The final external factor critically affecting the metallurgical company’s project is potential threats. The most 

substantial threat in the current circumstances is the general impact on trade of the COVID-19 disease 

pandemic caused by the SARS-CoV-2 coronavirus. Restrictive measures will lead to overall loss in trade and 

thus in the economy. General demand from the population in the foreseeable future will be very low, mainly 

due to the uncertain future of employment or business based on the mandatory closure or restriction of 

operation. 

 SWOT matrix 

The SWOT analysis lists several main factors which have an effect the company’s project. These can also be 

used in another evaluation method to compile a SWOT matrix which can be used to select a suitable strategy. 

 S-O strategy 

Since opportunities (total 3.5) were rated highest in the external factors and strengths (total 3.2) were rated 

highest in the internal factors, an S-O strategy is recommended. This strategy is a usage strategy characterised 

by an aggressive approach which exploits the strengths of the company’s project in favour of its opportunities. 

The strategy defines a desired outcome which it is geared towards. The metallurgical company should take 

advantage of the opportunities highlighted by the SWOT analysis by applying its identified strengths. 

Specifically, the metallurgical company can save costs in implementing EDI by exploiting the experience of its 

employees and technical support in introducing EDI communications. The experience of these employees can 

contribute to faster implementation and reduce very probable additional costs. 

The final step in evaluating the SWOT analysis calculated the evaluation matrix of the internal and external 

factors. 
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6. IFE MATRIX 

The IFE matrix is an analytical method linked to SWOT analysis. The results of this method indicate either the 

organisation’s internal position, or in this case, its strategic project.  

From the results of the SWOT analysis, the IFE matrix is created by adding up the weighted ratios of the 

individual internal factors. The result is the overall weighted ratio. This weighted ratio indicates the internal 

position of the organisation’s strategic project. The best possible score is 4 and the worst is 1. The median 

value is approximately 2.5. 

In the case of the metallurgical company’s project, the overall weighted ratio is a value of 3.1. This means the 

enterprise’s project is supported by a relatively strong internal position. 

7. EFE MATRIX 

The EFE matrix is an analytical method also linked to SWOT analysis. The results of this method indicate 

either the organisation’s external position, or in this case, its strategic project. 

From the results of the SWOT analysis, the EFE matrix is created by summing the weighted ratios of the 

individual external factors. The result is the overall weighted ratio. This weighted ratio indicates the external 

position of the organisation’s strategic project. This method of evaluation applies the same characteristics as 

the IFE matrix. 

In the case of the Dileris company’s project, the overall weighted ratio is a value of 3.2. This means that the 

enterprise’s project is supported by a relatively strong external position. 

The results of the IFE and EFE matrix are then combined. The IE matrix, which is defined as the internal-

external matrix, incorporates the results of the EFE and IFE matrices and provides an indication of the 

aforementioned internal and external factors [7]. 

8. EVALUATION OF THE IFE AND EFE MATRICES: IE MATRIX 

The IE matrix (Figure 4) is generated by entering the IFE matrix results along the x-axis and the EFE matrix 

results along the y-axis. The IE matrix results shows nine fields. These fields can be divided into three main 

areas. These fields and areas are depicted and described in the figure below. 

 

Figure 4 IE matrix 
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The IE matrix indicates the strongest result in quadrant I, which is growth and building. The recommended 

strategies are product development, market development, vertical and horizontal integration and investment 

strategy. Hence, the company’s position is absolutely ideal for EDI implementation. 

9. CONCLUSION 

The results of the analysis indicate that implementing an EDI system into the existing ERP information system 

would be appropriate for the metallurgical company. 

The form of trans-network communications is appropriate for use in electronic data interchange. An essential 

component of the future EDI communications solution is a GLN identification number. This number identifies 

the company in the EDI world. 

In the integration phase, obtaining all the information required by the provider is essential and will ensure 

swifter progress in implementation. This information contains details about the metallurgical company and the 

business partners it will communicate with through EDI and is essential for modifying the information system 

for EDI communication. 
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Abstract  

Titanium, invariably for decades, is the most promising metallic material used in medicine (implantology). And 

its suitability is primarily determined by biotolerance, which depends on the preparation of the surface of the 

elements. This paper assesses the quality control of oxide layers produced on pure (medical) titanium in the 

process of thermal oxidation in an air atmosphere. The parameters characterizing surface roughness have 

been used as control parameters. It was noted that the titanium surface undergoes a slight change with short 

oxidation times, and the oxidation is relatively even in nature. However, with longer oxidation times (more than 

45 minutes) roughness parameters change drastically, which is not always beneficial from the point of view of 

further use. 

Keywords: Quality control, titanium oxidation, oxide layer, roughness  

1. INTRODUCTION 

Titanium and its alloys are a group of metallic materials that enjoy the greatest interest in medicine, especially 

in implantology [1,2]. Titanium owes this special distinction to the medical industry: relatively low specific 

gravity (density), very satisfactory ratio of strength to density or yield strength, very good strength in fatigue 

tests, among metallic biomaterials the lowest value of Young's modulus, but most importantly biotolerance, 

tendency to spontaneous passivation, high local and general corrosion resistance [3-7]. Intensive development 

of the industry (especially medical industry), the search for new solutions, an effort to implement the principles 

of Industry 4.0 and sustainable development [8, 9], invariably based on the proper and thorough knowledge of 

mechanisms occurring spontaneously (or without human ingerention) - often such processes are called special 

processes, of which the assessment quality is particularly difficult and requires the use of destructive testing 

and statistical analysis [10]. Despite the very satisfactory properties of pure titanium, research (based on basic 

knowledge) to improve its properties is constantly carried out. Pure titanium easily passivates with minimal 

oxygen or moisture content in the operating environment - the result of the spontaneous oxidation process is 

an oxide layer consisting mainly of TiO2 (rutile, anatase) [11-13]. There are many technologies to improve the 

performance of titanium, addition in biomedical composites [14], alloying [15,16]- the most commonly used 

implants are made of titanium alloys. There are also a number of technologies for surface modification of Ti or 

alloy elements, e.g. production of conversion layers (Ti(HPO4)2 · nH2O), nitriding [17], application of 

substoichiometric oxide layers (tribofilms like γ-Ti3O5, Ti5O9 and Ti9O17 and Mo0975Ti0025O2 as well as double 

oxides, like β-NiMoO4 or NiTiO3) [18], etc. However, the most common method for surface treatment of 

titanium-based metals is thermal or electrochemical oxidation [4,7,13,19]. This article attempts to characterize 

and identify the quality of oxide layers formed on pure titanium during thermal oxidation in an air atmosphere. 

Couse that the main limitation in the use of pure titanium is its poor resistance to abrasive wear, as a result of 

oxide layer damaged or deformation [7,11], the set of surface roughness parameters has been used as 

parameters for verifying the quality of titanium oxide layer. 
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The issue discussed in this article may be of interest in many other areas, including bioceramics layers [20], a 

behavior of the layer [21] and its corrosion resistance [22,23], what may be of significance interest in 

biotechnology [24,25]. Such results should be also taken into consideration in evaluation methodologies [26, 

27] and decision processes [28-30] as well as in the stereological analysis [31-33], laser machining of surface 

layers [34-36] and uncertainty analysis [37]. 

2. EXPERIMENTAL 

As tested material commercial, technically pure titanium Grade 2 (Bibus Metals) has been used. Titanium 

Grade 2 is one of the most commonly used variants of titanium in implantology. The sample before exposure 

in oxidation atmosphere were polished on water paper with gradation to 1000, then rinsed with distilled water, 

degreased with methyl alcohol. 13 series of samples were prepared (10 in each series). All samples have been 

placed in an oven chamber (with free atmosphere access to the measured surface). Oxidation has been carried 

out at 700±30 °C. Oxidation time has been measured from the moment the stated temperature was reached. 

Pure titanium samples oxidized for 5, 10, 15, 20, 30, 35, 40, 45, 50, 60, 90 and 120 minutes. Sample 0 was 

used as reference (no oxidation, roughness determined immediately after grinding and degreasing 

The 2D roughness measurement has been performed using a contact profilometer (MarSurf PS 10). 

Measurement of roughness parameters have been carried out in accordance with the standard ISO 13565-2, 

the measuring section 4 mm. Five measurements have been made on each sample. Data presented in the 

paper is the arithmetic mean of all measurements for samples from one series. According ISO standard (ISO 

13565-2) during measurements the fallowing parameters have been determined: Ra - arithmetic mean 

deviation of the assessed profile, Rz - maximum height of the profile, Rp - maximum profile peak height, Rv - 

maximum profile valley depth, Rt - total height of the profile, Rk - core roughness depth. 

3. RESULTS AND DISCUSSION 

The results of the parameters measurements (average value with standard deviation) have been presented in 

Table 1.  

Table 1 Selected, most important surface roughness parameters determined for titanium after thermal  

oxidation in air atmosphere (700 °C) with exposure time range from 0 to 120 minutes  

Time, min 

Roughness parameters, µm 

Ra Rz Rmax Rp Rv Rt 

0 0.146 1.465 2.090 0.701 0.764 2.090 

5 0.177 1.440 1.739 0.686 0.754 1.739 

10 0.201 1.978 2.405 0.708 1.269 2.507 

15 0.202 1.802 2.172 0.634 1.168 2.192 

20 0.244 2.430 2.960 0.751 1.679 3.201 

30 0.325 2.874 3.728 0.784 2.090 3.728 

35 0.356 3.019 3.581 1.019 2.001 3.835 

40 0.639 5.461 8.155 1.457 4.004 8.299 

45 0.863 7.277 9.660 1.522 5.755 9.660 

50 0.858 7.749 9.128 1.430 6.319 9.391 

60 0.823 7.860 9.170 1.440 6.016 10.328 

90 0.963 7.777 9.120 1.502 6.075 9.860 

120 0.938 7.749 9.280 1.453 6.318 9.481 
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In Figure 1 the most representative surface roughness profiles for a titanium after surface oxidation have been 

shown. In Figure 1 are presented the representative profiles for a sample 0 (no treatment, after grinding and 

polishing), and then for the samples after thermal oxidation during 5, 40 and 120 minutes of exposure. Profile 

images have been created using standard compliant filters (ISO 16610-21 and ISO 13565-2). 

 
a) 

 
 

b) 

 
 

c) 

 
 

Figure 1 The representative profiles for a sample after thermal oxidation: 

a) 5, b) 40 and c) 120 minutes of exposure  

As is easily seen, on the roughness profiles in the initial oxidation phase (at short times up to 20 minutes), the 

surface roughness changes significantly. The profile has numerous peaks, hills, valleys and pits - and the 

oxidation is even. However, with longer spontaneous thermal oxidation times, considerable surface variation 

is observed and visible valleys and pits appear on the profile - much less peaks (than pits) are observed (Rp), 

which may mean that the oxide layer no longer increases, oxidation processes occur in deeper part of the 

surface layers, which causes damage and cracks in the topmost oxide layer. This also may be evidence of a 

gradual peeling of the oxide layer (Rv). 

Based on the data presented in Table 1 the graphs representing changes of surface roughness parameters 

have been prepared - Figure 2. The most important parameter Ra of the assessed profile - has been used to 

define the random surface roughness (stochastic) in some measurable space. Ra is used as a global 

evaluation of the roughness amplitude on a profile.  
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 

Figure 2 Change in sourface roughness parameters as a function of thermal oxidation time: 

a) Ra, b) Rz, c) Rp, d) Rv, e) Rt, f) Rk - surface of pure titanium after thermal oxidation 

 
Figure 3 Change in Rmax (sourface roughness parameter) as a function of thermal oxidation time - 

surface of pure titanium after thermal oxidation 

As can be easily seen, the short exposure times (5, 10 minutes) of the pure titanium in oxidizing atmosphere 

have only a slight effect on the change in surface roughness. Clear changes are observed at times above 30 

minutes. In this case, the Ra parameter value increases even 3 times. Longer exposure times (over 50 

minutes) strongly change the parameter, but it is observed that running the process for more than 50 minutes 

does not make sense, as there are clearly no major changes on the metal surface. The value of the Ra 
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parameter is at a comparable level. In addition, it can be observed that the Rmax value (maximum deviation 

from the average line) increases significantly, which may indicate a selective effect of the oxidation or the 

formation of defects on the oxide layer and surface cacking (Figure 3).  

4. CONCLUSION 

Based on the presented results about the assessment of the quality of the oxide layer on titanium (after thermal 

oxidation in the air atmosphere) it can be stated that with short oxidation times, the titanium surface undergoes 

a slight change, and the oxidation is relatively even in nature - the value of most parameters (including mainly 

Ra) slightly increases. However, with longer oxidation times (more than 45 minutes), roughness parameters 

change drastically - all parameters increase drastically, but there are definitely more valleys than the peaks 

visible on the roughness profile - the Rv parameter increases significantly, which may indicate a selective effect 

of the oxidation or the formation of defects on the oxide layer and surface cracking. 
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Abstract 

One of the most commonly used methods of quality management in manufacturing and industrial enterprises 

is the Pareto-Lorenz analysis. This method is currently one of the most frequently used conventional tools for 

the improvement the product quality and processes. It is a very useful tool used in the analysis of a production 

or service processes that generate variables that can be categorized. The Pareto-Lorenz chart is a graphical 

representation of the frequency of the causes of the problem (graph in the form of a bar graph) and their 

cumulative values (Lorenz curve). The impact of Pareto analysis on product quality occurs mainly through the 

analysis of the frequency and significance of non-compliance, elimination of quality problems occurring in the 

enterprise most often and elimination of quality problems generating the highest costs. The purpose of the 

work was to analyse the quality of steel wheels manufactured by one of the companies in Poland. Steel wheels 

are standard equipment on cars. Their biggest advantage is durability, both mechanical and chemical. As a 

result of the analysis, three main causes of steel rims complaints were identified. These are edge bumps, 

damaged coating (splinters) and material defects. The identified causes represent a good starting point for 

works aimed to propose concrete preventive actions which, if implemented, should reduce the number of 

occurrences of certain types of defects without the need for expensive large-scale actions. 

Keywords: Quality management methods, car parts production, Pareto-Lorenz diagram  

1. INTRODUCTION 

The problems of the quality of manufactured products are currently one of the most important issues addressed 

in the field of enterprises management. All quality management tools are instruments which allow for very 

effective monitoring of all processes, activities, and individual operations throughout the entire product life 

cycle [1]. In the production of car parts, the level of quality is particularly important because it has also an effect 

on human safety and life [2,3]. The quality of the finished products, that is vehicles, largely depends on the 

quality of its components, that is car parts manufactured by various companies. Therefore, the quality of 

individual components is extremely important since they form a finished product, that is a product that reaches 

the customer. If the product has defects, it does not meet customer expectations. In such cases, the most 

important thing is to determine the causes of the defects. The Pareto analysis is very often used to determine 

the causes and effects of defects in a product or manufacturing process in the automotive industry [4]. This 

method allows for the analysis of the structure of the manufacturing process. It helps identify the stage of the 

process at which defects occur. After analysis using the Pareto method, the company can take corrective and 

preventive measures to avoid similar product defects or manufacturing process errors in the future. The 

purpose of the work was to analyse the quality of steel wheels manufactured by one of the companies in 

Poland. The identified causes represent a good starting point for works aimed to propose concrete preventive 

actions which, if implemented, should reduce the number of occurrences of certain types of defects without 

the need for expensive large-scale actions. 
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2. METHODOLOGY OF RESEARCH  

The Pareto analysis is based on the empirically established pattern that 20 % of causes determine 80 % of 

effects. This regularity was first discovered and described by the Italian economist and sociologist Vilfredo 

Federico Damaso Pareto. Using statistical data, he analysed the distribution of incomes of the population in 

designated ranges. Pareto observed that 80 % of Italian resources were held by 20 % of families. He found 

the occurrence of such an uneven distribution also in other situations and formulated a principle known today 

as the 80/20 rule. This principle states that roughly 20 % of the elements represent about 80 % of the 

cumulative value. The 80/20 rule offers the opportunity for definition of the main directions of activities focusing 

on the most important problems, within which the measures taken allow for the achievement of the maximum 

effects [5]. The main areas of application of the Pareto analysis are illustrated in Figure 1.  

 
Figure 1 Areas of application of the Pareto analysis 

The Pareto analysis is also used in quality 

management. The Pareto chart is currently 

one of the most frequently used conventional 

tools for the improvement of product quality 

and processes. It is a very useful tool 

employed in the analysis of a production or 

service processes that generates variables 

that can be categorized [6]. The Pareto-

Lorenz diagram is a graphical representation 

of the frequency of occurrence of the causes 

of a problem (chart in the form of a bar chart) 

and their cumulative values (Lorenz curve). 

The stages of creating the Pareto chart are 

shown in Figure 2. 

3. RESULTS 

The data presented in the paper come from a company producing steel car wheel rims. Steel rims usually 

represent standard equipment in passenger cars. They are much cheaper compared to aluminium wheel rims. 

The biggest advantage of steel products, including steel rims, is their mechanical strength and chemical 

resistance [7]. Furthermore, compared to aluminium rims, they are much easier to clean. Steel wheel rims are 

manufactured using highly advanced technologies. Typically, manufacturing of steel wheel rims is divided into 

four stages:  

 manufacturing of a wheel disc,  

 manufacturing of a rim, 

 assembly,  

 varnishing. 

Figure 2 Algorithm of the Pareto analysis procedure 
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Initial fixing holes and the central hole are made in each steel rim. The correct performance of the above steps 
determines the quality of the final product. An analysis of the number of complaints filed by customers within 
one quarter of a year was made in the company. One of the quality management tools, that is Pareto chart 
was used for this purpose [8]. Based on all reported product inconsistencies with the specifications, a list of 
causes of defects that are reported by customers was prepared. The list of all identified causes of complaints 
and the number of their occurrences are shown in Table 1. 

Table 1 The list of all identified causes of complaints and the number of their occurrences  

No. Type of a complaints Frequency 

1. Material defects 26 

2. Geometrical dimensions outside specification 2 

3. Dynamic dimensions outside specification 1 

4. Damage to the coating - splinters 45 

5. Corrosion 4 

6. Unpainted area 14 

7. Spacing, position of fixing holes 11 

8. Mechanical damage of edge 70 

9. Incompatible label 2 

10. Mistaked parts in box 9 

11. Damage to the packaging 3 

12. Balancing error 1 

13. Cracks 1 

The data were further arranged in a descending order with regard to the number of complaints. Next, their 

percentages and a cumulative value were calculated. The results of the Pareto analysis are presented in  

Table 2. 

Table 2 The list of all identified causes of complaints and the number of their occurrences  

No. 
Type of a complaints Frequency Percentage 

(%) 
Cumulative value 

(%) 

8. Mechanical damage of edge 70 37.04 37.0 

4. Damage to the coating - splinters 45 23.81 60.8 

1. Material defects 26 13.76 74.6 

6. Unpainted area 14 7.41 82.0 

7. Spacing. position of fixing holes 11 5.82 87.8 

10. Mistaked parts in box 9 4.76 92.6 

5. Corrosion 4 2.12 94.7 

11. Damage to the packaging 3 1.59 96.3 

2. Geometrical dimensions outside specification 2 1.06 97.4 

9. Incompatible label 2 1.06 98.4 

3. Dynamic dimensions outside specification 1 0.52 98.9 

12. Balancing error 1 0.52 99.5 

13. Cracks 1 0.53 100.0 
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The results contained in Table 2 were used to prepare a Pareto chart as shown in Figure 3. 

 

Figure 3 Pareto-Lorenz diagram 

4. DISCUSSION 

Figure 3 illustrates the results of the Pareto analysis. The axis of the abscissae represents the causes of 

complaints, whereas the axis of the ordinates contains the cumulative frequency of complaints. Both the graph 

(Figure 3) and Table 2 show that out of 13 types of causes of complaints, three have the dominant role in 

roughly 75 % of the effects. These include: mechanical edge damage (37.04 %), damage to the chipping - 

splinters (23.81 %) and material defects (13.76 %). The other causes for the complaints account for about 

25 %. The causes of the first 2 defects (with the highest frequency) may be the failure to observe the 

technological process by employees resulting from low skills, negligence and from the conditions of storage 

and transport of the products to the customer. It should be noted that the three rarest causes of complaints 

accounted for about 1.6 % of all quality problems, and these were: dynamic dimensions not meeting the 

specifications, steel rims which could not be balanced and cracks.   

5. CONCLUSION 

An analysis of the number of complaints filed by customers within one quarter of a year was made in the 

company. As a result of the analysis, three main causes of steel rims complaints were identified. These are 

edge bumps, damaged coating (splinters) and material defects. The identified causes represent a good starting 

point for works aimed to propose concrete preventive actions which, if implemented, should reduce the number 

of occurrences of certain types of defects without the need for expensive large-scale actions. Analysis and 

improvement of product quality are very important, especially in the automotive sector. These actions allow for 

maintaining appropriate quality parameters of the product, which is also important from the standpoint of safety 

of its use. The results of this study should be further analysed using other quality management methods, which 

will undoubtedly lead to the improvement in the quality of the product. 
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Abstract  

The aim of the study is to identify the causes of non-compliance of castings and ultimately, using quality 

management tools (5W2H I diagram Ishikawa), to reduce or eliminate the number of such non-compliance. 

The research was carried out using visual, luminescence and metallographic tests and the product was a 

diesel engine piston casting. The study identified clusters of rows in the area of sealing canals and specified 

their cause - inadequate quality of the charge. So far, no analyses of quality problems using a sequential 

quality management methodology have been carried out in the company, so that the implemented corrective 

actions did not lead to the full achievement of quality objectives. The sequential method presented in the paper, 

combining diagnostic and control tests and quality management tools, is a universal way to monitor the quality 

level of products and to quickly correct any nonconformities. The presented method can be used in enterprises 

producing products from ferromagnetic, non-ferromagnetic and non-metallic materials (due to the 

effectiveness of the luminescence method).  

Keywords: Quality control, piston silumines, luminescent testing, quality management tools 

1. INTRODUCTION  

Continuous technological development contributes to a dynamic increase in the loads on the equipment and 

machines used, which leads to an increase in the requirements for structural materials. This development 

influences the creation of new technologies for manufacturing metals and alloys with better strength properties 

[1-3]. At present, reciprocating internal combustion engines are the most important source of energy used to 

drive motor vehicles. Of all the parts that make up an internal combustion engine, the piston is the one most 

exposed to thermal damage. This element is a movable part of the combustion chamber and must therefore 

be resistant to high temperatures and pressures [4]. The legal conditions relating to the reduction of toxic 

emissions of exhaust gases generated by reciprocating internal combustion engines force vehicle 

manufacturers to improve existing casting alloys and products - in terms of both specific physicochemical 

properties and performance characteristics - is one of the most important directions for the development of the 

global foundry industry [5-7]. 

Comprehensive methods are constantly being sought to detect incompatibilities, but also to prevent them by 

detecting the sources of their origin or even looking for causes that cause problems within these sources. The 

methods enabling the implementation of the indicated activities are quality management methods, which, when 

skillfully applied, allow to increase the quality level of the offered products [8,9]. 

2. PISTON SILUMINS  

Equal research is currently being carried out on the quality of reciprocating silumin products, including, for 

example, the improvement of the structure and properties of the material [10-13], impact of manufacturing 
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technology on the properties of castings [14-17], evaluation of the dimensional stability of the product [18] or 

the tribological behavior of the piston alloy [19]. Despite attempts to improve the structure of properties of 

silumin castings, attention should also be paid to quality control of these castings [6,20]. A model solution to 

the issue of evaluating the condition of piston silumin castings is to use non-destructive testing, the application 

of which does not affect the condition of the controlled product. This applies to production quality control during 

product manufacturing and in-service testing on diesel engines. The importance of NDT in automotive 

technology is particularly important also due to the relatively low values of safety factors determined when 

designing automotive structures [21,22]. The analysis of publications related to the inspection of piston 

castings indicates that attempts are made to use single non-destructive testing (e. g. The following parameters 

are available: X-ray [11], ultrasound [20,23,24], infrared thermography [14], eddy currents [25]), depending on 

the purpose, construction and dimensions of the pistons. Therefore, it is advisable to develop a sequential 

method to control piston castings.  

3. ANALYSIS 

3.1. Aim, scope and subject matter  

The aim of the study is to diagnose, by means of visual, luminescence and metallographic testing methods, 

the condition of an aluminum piston casting The aim of the study is also to determine the sources of non-

compliance of castings and ultimately, by means of quality management tools (Ishikawa diagram and 5W2H), 

to reduce the occurrence of non-compliant products or to eliminate them completely. 

Due to an increase in complaints and the number of identified non-compliant products during the 

interoperational inspection (19% compared to the previous quarter), the subject of the tests was a casting of 

the piston intended for the internal combustion engine of a passenger vehicle of Toyota (Figure 1).  

 

Figure 1 Subject of the tests - Diesel engine piston projection 

The survey concerned a batch of products made in Q2 2019 in one of the automotive companies located in 

the southern part of Poland. The company produces aluminum and steel pistons. The scope of visual and 

luminescence tests covered the surfaces of the entire casting, while metallographic analysis of areas where 

discontinuities of the material were detected. In order to assess the possibility of detecting surface and near-

surface discontinuities in the whole volume of the material tested, experimental tests were carried out. 

3.2. Alloy characteristics B2 

Alloy B2 is an eutectic silicone-aluminum alloy for diesel and gasoline engine pistons in light vehicles. The 

chemical composition of alloy B2 is shown in Table 1. Stop B2 has no national or international equivalents. 
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Table 1 Chemical composition of the alloy B2 

Episode Si Cu Mg Ni Fe Mg Zn Pb Sn Ti Zr V Al 

Min, (%) 12.0 3.7 0.5 1.7 - - - - - - - - rest of the 
warehouse 

Max, (%) 14.5 5.2 1.5 3.2 0.7 0.2 0.1 0.08 0.2 0.2 0.2 0.2 

3.3. Course of research 

The methods used for quality control of piston castings - identification and characterization of nonconformities 
- were visual inspection and penetration testing, as well as quality management techniques (Ishikawa diagram, 

5W2H method). Correlation of selected diagnostic methods and their order of application is shown in  

Figure 2. 

 

Figure 2 Sequence of methods used to analyse nonconformities and identify the source of their occurrence 

Visual examination in a company is performed by employees after each technological operation. Penetration 

tests were performed in a specially adapted room and consisted of applying the penetrant to the piston surface 

(time of interaction 10-30 min), and then cleaning the surface and applying the developer. In the examination, 

the samples for metallographic testing were cut out of the defective areas of the piston casting on a 

metallographic cutter and then encapsulated in resin. The next step was to grind and polish the samples on 

the Saphir 530. The metallographic specimens were etched with 5 % aqueous solution of HF acid. The 

microstructure was observed on the Zeiss Neophot 2 metallographic microscope. The non-conformity has 

been analyzed and characterized by the 5W2H method, the Ishikawa diagram and the ABCD-Suzuki method. 

The 5W2H method was used to characterize in a short and clear way the most important information about 

the problem. The Ishikawa diagram was used to identify potential causes of non-compliance, while using the 

ABCD - Suzuki method, a team of experts determined the importance and rank of the individual causes. 

4. RESULTS OF ANALYSIS  

The research was carried out by a working team consisting of: The Head of the Department of Health and 

Consumer Protection, the quality manager, chief technologist, foundry manager and specialist in the field of 

quality assurance research. The study analyzed all non-compliant products identified in Q2 2019. and products 

advertised by customers. An example of obtained results of visual, luminescence and microscopic 

observations of the area of sealing channels of a piston casting is shown in Figure 3. The results presented 

relate to the most serious and most frequent non-compliance. The obtained results indicate the occurrence in 

the medium-loaded zone of incompatibilities of unacceptable size - clusters of rows. Localized discontinuity 

disqualifies the piston. In the next step, the working group, set up to solve the problem, made a Gemba of 

fights and then carried out a 5W2H analysis in order to precisely characterize the problem. The 5W2H analysis 
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showed that during a visual inspection an employee noticed a discrepancy in the area of sealing channels. 

After the luminescence test and microstructure observation, clusters of crowds were identified which 

disqualified the piston. The problem concerned 30 % of manufactured products in Q2 2019. In the next step, 

a diagram of Ishikawa was made in order to identify the most probable causes of non-compliance and classify 

them according to the following categories: man, machine, material, method, management (Figure 4). Based 

on the Ishikawa diagram of material noncompliance, i. e. the plunger castings located in the area of the sealing 

channels, a significant number of potential causes of non-compliance have been identified. 

 a) b) c) 

 

Figure 3 Result of the visual examination (a); view of the non-compliance on the cross-section  

after color luminescence (b); c) microstructure in the non-compliance zone 

 

Figure 4 Ishikawa diagram for noncompliance - presence of castings in the piston casting 

In order to determine the validity and rank of particular causes, the team of experts used ABCD-Suzuki method. 

As a result of the analyses carried out, it turned out that the three most important reasons for discontinuity of 

the material are, in order of importance: poor quality of the charge (contamination), incomplete drying of the 

mould and too fast crystallization of the liquid metal.  

5. CONCLUSION  

Diagnostic tests (visual, luminescence and microscopic examinations) used in quality control of aluminum 

pistons were carried out in the paper and their analysis was performed with the use of quality management 
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tools. The aim of the tests was to identify non-compliant products and to check the usefulness of control and 

diagnostic testing in the production process. Using visual non-destructive testing, discontinuities in the area of 

sealing channels were detected - casting defects. The luminescence and microscopic examination confirmed 

the occurrence of clusters of rhizomes in the casting. The presence of these discontinuities disqualifies the 

piston. In order to define the problem of discontinuity of castings, Gemba walk and 5W2H analysis were 

performed. In order to identify the causes of material inconsistencies, Ishikawa diagram and ABCD - Suzuki 

method were performed, according to which the key cause of the inconsistency was improper quality of the 

charge (impurities). The applied non-destructive testing method in combination with quality management 

methods are largely complementary. The proposed combination may be a component of methods supporting 

quality management processes. Traditional 5W2H can be extremely useful by incorporating it into the analysis 

cycle, where the output of one tool is an input to another quality management method (Ishikawa diagram). It 

seems to be useful for other branch of industry e.g. ribbed wire manufacturing [26], steel industry [27-29] and 

heavy-load biotechnological apparatus [30,31]. Such analytical schema of inference should be taken into 

consideration also in similar management analyses [32-34] as well as in research analyses [35-37]. 
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Abstract 

Lack of qualified human resources has, for several years now, been the biggest constraint on the development 

of Czech industry, particularly in manufacturing facilities where working conditions are difficult. This category 

includes foundries. Therefore, these production facilities began addressing this problem through more 

intensive adaptation and in-house training of unskilled job seekers. The article presents the results of verifying 

the implementation of situational leadership tools in practice at a foundry and their impact on the development 

of employee work independence for a period of 4 months. 

Keywords: Situational leadership, employee adaptation, work performance 

1. INTRODUCTION 

Employees are a key production factor of companies; however, their price, in the form of wages, is constantly 

growing due to long-term growing demand. In a profitable enterprise, the rising price of inputs to production 

must also be reflected in rising outputs, so that profit does not fall, and this rule also applies to inputs in the 

form of human resources. This rule of successful business is ensured and verified through the process of 

managing employee work performance. 

The performance management process itself is or should be largely the responsibility of the direct superiors 

of the employees whose performance is managed. These begin to systematically manage the performance of 

subordinates from the moment of the employee’s hiring. Due to the fact that there is a long-term shortage of 

qualified workers on the market, the importance of all training activities of companies is growing, especially 

introductory training - adaptation to a new job and environment. Managers need to adapt their leadership 

techniques to the employee’s level of adaptation to the new position, more than ever before, so the authors 

decided to test the situational leadership tools of Hersey and Blanchard, whose basic variable "maturity" 

strongly resembles the extent to which the employee is adapted to the new position. Therefore, they monitored 

the development of maturity of new employees at a selected foundry for 4 months and, based on several 

maturity assessments, their managers evaluated the extent to which management style recommendations, 

based on the maturity of originally unskilled employees, enabled them to achieve full performance 

corresponding to that of a qualified, already experienced employee. 

2. THEORETICAL BACKGROUND 

Work performance can be defined as the result of work activity over a period of time under certain conditions 

[1]. The performance itself, i.e., the achievement of a certain level of fulfilment of the assigned task is influenced 

by many factors, but the leadership style of managers plays a major role [2], because work performance is not 

only the output of human activity, but also the way it is achieved [3]. Employee performance management 

means a clear definition of the employee’s tasks and goals as well as creating conditions in which to perform 

work tasks as expected by the manager. 
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In general, human resource management agents are divided into three groups: senior management/owner, 

personnel department, and line managers. Performance management mostly falls under the competence of 

line managers, because they are in closer contact with their subordinates than the personnel department or 

senior management. They can better influence the interconnection of their objectives and business goals [4]. 

Line managers share responsibility for the work performance of their subordinates, partly because their job is 

to create conditions for employees that allow them to work to the best of their abilities [5]. The systematic 

communication of managers with their subordinates allows prevention of many problems and leads to a 

reduction in the occurrence and recurrence of errors [5].  

Current work performance management includes planning not only actual work performance, but also planning 

the employee’s personal training and development (hereinafter only development) [6]. Once the specific 

performance and personal development have taken place, the phase of reviewing the actual performance and 

development achieved by the employee follows, along with the potential adoption of further measures [7]. 

Thus, in addition to the evaluation of performance, the basic pillars of work performance also include the 

training, development, and motivation of employees. All these areas already fall mainly within the 

competencies of line managers. 

The employee’s immediate supervisor, who manages and improves the employee’s work performance, 

performs essential functions in the process of improving work performance, which should be part of the work  

performance management process [4]. First, the supervisor finds and defines the causes of gaps in work 

performance and areas in which the worker has room to improve. He or she then chooses the best measures, 

to eliminate the root causes of performance gaps, and contributes to their best implementation. After the 

monitoring period elapses, the supervisor then evaluates the impacts of the adopted measures and 

subsequent changes, so that the company's management can be informed on the success of the implemented 

measures. 

3. SITUATIONAL LEADERSHIP TOOLS 

All management and performance improvement roles require [5] leadership skills and the ability to identify and 

make use of an individual's untapped capacity. A key tool for managers, in performance management, is the 

constant motivation of employees and the development of the skills and knowledge of capable employees, as 

the company’s best investment. The success of motivation depends on the level of knowledge of the individual 

needs of employees. 

One of the most common areas of training engaged in abroad by line managers is so-called situational 

leadership, as described by authors Hersey and Blanchard. Situational leadership means engaging with 

subordinates through various leadership styles that are adapted to the current situation. This leadership style 

chooses between four approaches (see below). In this approach, maturity expresses readiness to perform a 

certain work task [8]. Maturity can therefore be viewed in two ways, as work-related (job) maturity or 

psychological maturity. Job maturity reflects the skills and technical knowledge needed to complete a task. 

Psychological maturity expresses the readiness to take responsibility for completing a task. To choose the 

appropriate leadership style, the manager must follow a sequence of three steps when managing work 

performance [9]:  

1) Define a specific task required of the worker in the context of the worker’s position;  

2) Determine the employee’s readiness to perform the given task; 

3) Choose the appropriate leadership style. 

The authors of the method recommend four applied types of leadership styles, based on the maturity of the 

subordinate.  
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These are combinations of various levels of support-relationship and directive behaviour [8]: 

 The instructive-to-directive style most often corresponds to the level of development of an employee 

who has no experience with the given task. The manager chooses a strongly task-oriented approach, 

where not much space remains for the personal support of the employee. 

 The coaching and supportive style will be used by the manager with a subordinate who already 

demonstrates a higher level of competence, is more actively engaged, but still does not have sufficient 

skills to work independently. The leader still instructs him, but he devotes the same amount of time to 

his psychological support and development. 

 A participatory and supportive style is suitable for an employee who is highly competent and already 
independently active, but still needs advice and support, mostly for lack of self-confidence. The manager 

spends more time providing personal rather than work support. 

 The delegating style is used by the manager with a subordinate who is highly competent and active in 

performing tasks and does not need personal support. 

Individual leadership styles and their prerequisites are shown in Figure 1 below.  

 
Figure 1 Styles of situational leadership according to Hersey and Blanchard [8] 

This method is suitable where there is more frequent fluctuation and the manager must choose between 

different approaches to subordinates, because of their different maturity levels at work. Therefore, it is also 

suitable for foundries, which need to stabilize the staff, as older employees gradually retire. 

4. COMPANY ANALYSIS 

Among other things, the personnel analysis of the company showed that, due to the lack of qualified labour, it 

is forced to train and educate its employees at its own expense and this happens in the course of full work 

engagement of a newly hired, but often professionally unprepared, employee. Until now, they have taken an 

active but unsystematic approach to the training of new employees, with each manager and team choosing 

different tools. The authors therefore suggested managing the performance of these employees according to 

their level of maturity (in the sense of independence). The development of the employee's independence rested 

mainly on an appropriate style of leadership and the use of professional training methods, such as 
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demonstrations and assistance, but also methods to support the employee’s mental maturity, such as more 

frequent consultation and feedback than provided to experienced workers. 

In the context of the work performance management system, the authors proposed introducing a clear register 

of planned and completed training activities for all employees, interconnected with the data from a new, 

interactive form for ascertaining a worker’s job maturity level. 

An overview of the planned and completed training activities also provides the employee with information on 

the achieved level of qualification, professionalism, and potentially regarding certifications and other skills 

earned. At the same time, the employee has available his or her own development activities plan for the next 

evaluation period, which is based on the process of evaluating and improving work performance and 

development. 

The form with an interactive questionnaire responds to the situation of most smaller metallurgical companies, 

which must train new employees themselves, because the candidates do not have the necessary 

qualifications. These employees require greater attention from the manager than workers who are qualified, 

experienced, and can work independently. The form, supplemented by a detailed comment from the manager, 

served as a kind of instruction on how to behave in the individual phases of development of their subordinates, 

depending on how many points they received. The questionnaire and the whole procedure are based on a 

management technique that comprises the most popular training for line managers around the world. 

The content of this approach was created based on the following prerequisites, which were successfully 

verified at the company:  

I. There is a wide range of experience and expertise among workers within industrial enterprises (including 

metallurgical plants); 

II. The most effective educational form of increasing the expertise and skills of less experienced workers 

is that experienced colleagues, so-called mentors, demonstrate and explain the scope of work to them; 

III. Achieving higher work and psychological maturity must be motivated by external incentives from the 

employer, such as a graded task wage; 

IV. The procedure must be simple and time-saving. 

The questionnaire includes ten questions, of which the first five are used to determine the work maturity and 

the other five to define the psychological maturity of the worker. (The questionnaire is created based on the 

LEAD technique (Leadership Effectiveness & Adaptability Description). LEAD is a standardized survey 

technique. The questions were taken from another survey for determining worker maturity in the Czech 

Republic, which was based on the LEAD-self technique [10] According to the results of the questionnaire 

(values from 0 - immature to 8-completely matured, independent worker whom leader can delegate work to), 

the manager should prefer one of the four possible management styles to achieve further employee 

development. The level of maturity was also considered in the employee’s basic salary, to motivate them in 

their own education and development in accordance with the approach of their superior. The line managers of 

selected company workplaces, along with the production director, were initially trained by the authors of the 

article in this style of management, and the authors also provided them with instant support throughout the 

verification of the functionality of the approach at the company. 

5. RESULTS 

After the introduction of the questionnaire, the authors conducted an initial survey in cooperation with line 

managers, to determine the maturity of employees, so as to choose the right leadership style. These were 

then chosen by each line manager and applied to selected employees of their department. The same survey 

was repeated every month, for a total of four times. The questionnaire was always filled in by the heads of 

individual work departments for their subordinates and also by the head of production for all workers. A total 
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of 9 foundry unskilled workers recruited in the last 3 months were monitored and evaluated in groups of 3 

(group 1 - hired more than 60 and less than 90 days before first evaluation start, group 2 - workers hired from 

30 to 60 days before evaluation start and group 3 hired less than 30 days before evaluation start) The results 

are shown in Table 1. (Results are rounded to one decimal place)   

Table 1 Average level of working maturity of selected foundry workers  

 Maturity evaluation 

(every month) 
M1 M2 Δ % M3 Δ % M4 Δ % Δ M1M4 % 

Group 1 5.1 5.7 11.8 6.6 15.8 7.8 18.2 52.9 

Group 2 3.9 4.8 23.1 6.0 25.0 7.3 21.7 87.2 

Group 3 3.4 4.1 20.6 5.5 34.1 7.0 30.0 118.8 

Total average maturity grow  18.5  22.4  23.3 86.3 

It is clear from the results that the average maturity of employees grew in 3 months only by 86.3 % in average 

and it the least experienced group 3 even by almost 120 %! And these workers were led by already trained 

line managers for 3 months. All groups have reached maturity above point 7 when 8 means mature, 

independent, reliable worker to whom managers can delegate all tasks. And that is great success and 

confirmation of the importance of line managers’ acquisition of situational leadership techniques. 

In the period before the survey and the introduced questionnaire with systematic instructions for line managers 

on what leadership style to use for which employee, the development of employee maturity was not monitored 

with exactness. Therefore, in this phase of the survey, it is not possible to compare these outputs. 

Nevertheless, the director of the foundry sees the clear record of information on the maturity of evaluated 

employees, along with the unification of training styles in all workplaces, in a very positive light. Based on the 

positive results of testing, he decided to support this approach with motivational measures for both team 

leaders and mentors, who are more experienced team workers, who were and will continue to be involved in 

the training of less experienced (less mature work-wise and psychologically) colleagues in the team. He 

believes that, with stronger motivation, managers and mentors will be able to improve the work performance 

of their less-experienced charges faster. 

6. CONCLUSION 

The proportional positive relationship between the growth of work independence and the worker's experience 

and their work performance clearly amplifies the importance of training activities of companies. As the role of 

internal employee training increases in relation to external training, so too does the importance of involving 

line managers and more experienced employees in the company’s training, as mentors, as part of the work 

performance management process. 

According to the survey, the introduction and mainly training of the techniques and tools of situational 

leadership set out by authors Hersey and Blanchard proved to have a highly positive effect on the monitored 

company and its unexperienced workers’ maturity. Line managers, with the help of experienced mentors, 

applied the recommended appropriate style of subordinate management at their workplace, to support the 

employee's performance in the relevant situation (i.e., according to his level of work maturity), as well as further 

development of the employee’s maturity. Employees’ base salaries were also graduated according to the 

achieved level of maturity, so that they too would be more motivated to pursue own further development. This 

also limits the subjectivity of managers' decisions on the base salary of subordinates. During the monitored 

period, the work performance and psychological maturity of selected employees increased by an average of 

almost 120 %, so they will continue in the established approach to leading and supporting new employees in 

the company. 
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Employees represent the main potential source of increases in competitiveness of companies, and this 

resource can be activated only by constantly looking for opportunities to increase labour productivity, including 

via improving the work performance of employees through situational leadership tools. 
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Abstract  

The aim of the paper is to analyze and describe recent application of management tools in the enterprises 

worldwide including their utilization and trends in timeline compared to industrial companies in Olomouc region, 

Czech Republic. The main data source for presented paper is the research performed by Bain & Company, 

Inc. (BC) which concentrates on surveying of management tools in companies worldwide since the year 1993, 

while primary research was performed by authors in companies that produces and customizes metal parts for 

automotive and aerospace industry. The motivation behind this paper is based on effort to make students and 

academics in management focus on most recent and powerful management tools to boost successful 

business. The latest survey of BC has more than 14,700 respondents from more than 70 countries in North 

America, Europe, Asia, Africa, the Middle East and Latin America, and is probably the most comprehensive 

systematic long-term study in the world. The management tools in the top ten list vary in time, but four of them 

remain since 1993 (however some of them temporarily disappeared): Benchmarking, Customer satisfaction, 

Total quality management and Vision and mission statement. 

Keywords: Management tools, industrial companies, trends 

1. INTRODUCTION 

The relevance of the topic is illustrated by publication and citation numbers of Web of Science. For the 

keywords “management” AND “tools” in the title, 8,201 publications with 59,321 citations without self-citations 

and h-index 90 were found on 27th January 2020. The annual number of citations has exceeded 7,000 in the 

past years. One of the biggest organizations engaging in management tools utilization in enterprises is Bain & 

Company (BC). 

BC advises clients on strategy, operations, technology, organization, private equity and mergers and 

acquisitions. They develop practical, customized insights that clients act on and transfer skills that make 

change stick. Founded in 1973, BC has 55 offices in 36 countries, and their deep expertise and client roster 

cross every industry and economic sector [1]. 

1.1. Research of the current state of knowledge  

Every company focuses on maximization of efficiency and sustainability. However, these two terms are often 

difficult to quantify and formulate. There are different approaches to support these goals. One of the areas that 

can positively affect the functioning of the company are management tools [2]. 
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Literature searches often focus on the relationship between strategic planning and the real performance of a 

firm, but only few studies describe the usefulness of applying management tools [3,4,5]. 

Existing studies have shown that the proper use of management tools and techniques positively affect 

organizational performance (Iseri Say a kol., 2006; Al-Khadash & Feridun, 2006; Indiatsy a kol., 2014). The 

performance and quality of the work is being perceived as more effective and beneficial. Together with work 

instructions and guidelines, employees appreciate the tools that help with processes maintenance and 

improvements [6]. 

Management tools are one of the basic elements for managing the company´s performance. More and more, 

it is important to collect the right data for the necessary analyzes so that the right decisions can be made. An 

appropriate set of tools plays a crucial role in the whole cycle of the company and it is very important for the 

natural and sustainable development of the organization [7,8]. 

Dynamic development and often increased competition force companies to constantly improve all processes 

to maintain competitiveness in today´s market. This is done by simple and quick-to-apply tools, as well as 

complex and complicated tools requiring special software or IT equipment. The combination of both variants 

creates a comprehensive set of management tools that serve to increase performance in the company and 

often allows you to find innovative solutions [9,10,11]. 

The basis of every company is a vison and a plan. A common cause of failure is the application of inappropriate 

tools or their incorrect use [12,13]. For this reason, companies also need to focus on training in management 

tools, whether they are employees working on internal process or sales specialist or buyers who build and 

maintain relationships with customers or suppliers [14,15]. 

The trend and probably a key area of using management tools is digitization. It allows you to combine all the 

needs in one place with the application of the necessary tools and visualizations to satisfy all the parts of the 

company [16]. 

1.2. Theoretical background - Management Tools  

Academics define an immense number of management methods, tools, techniques or indicators that were 

developed to help the companies achieve the highest efficiency and the best performance. Many of this method 

are difficult to establish, some of them could bring the company very tangible outputs, some have less-tangible 

outcomes. Contemporary companies are employing more management methods, but they appear to be finding 

them less effective [1,4]. Here follows the list of top ten popular management tools: 

 Strategic Planning, 

 Customer Relationship Management (CRM), 

 Benchmarking, 

 Advanced Analytics (Big Data Analytics), 

 Supply Chain Management, 

 Change Management Programs, 

 Total Quality Management (TQM, 

 Digital Transformation,  

 Mission and Vision Statements.  

2. THE METHODOLOGY OF THE PAPER 

Goal of the paper has been set to analyze and describe recent application of management tools in the 

enterprises worldwide including their utilization and trends in timeline (2006 to 2019). Comparison to primary 
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data from industrial companies in Olomouc region of Czech Republic (2019) is also presented. Three research 

questions were formulated: 

1) Are the most popular management tools varying in time? 

2) Do exist some management tools which are stable in the top ten group for decades? 

3) Are there similar results in utilization of management tools worldwide and in industrial companies in 

the Czech Republic? 

The secondary data obtained by BC and primary data collected by MBCO students were used for evaluation 

of research questions. Linear regression including equations and coefficients of reliability were calculated. 

2.1. Data Collection  

The primary data were collected in year 2019 in the Olomouc region of the Czech Republic. Totally were 

collected 123 questionnaires, but 7 were rejected due to incompleteness. The structure of primary sample was 

following: 

 Legal status: 49 % limited liability companies, 31 % self-employed and 20 % joint stock companies.  

 Size regarding the number of employees: 33 % micro (0 to 10), 35 % small (11 to 50),  

19 % medium (51 to 250) and 13 % big (more than 250) companies. 

 The industrial enterprises were established since 1950 to 2013 year. 

Since 1993, BC has surveyed executives around the world about the management tools they use and how 

effectively those tools have performed. The objective is to provide managers with information they need to 

identify and integrate tools that will improve business performance results, and to understand how global 

executives view their strategic challenges and priorities. They focus on 25 tools, honing the list each year. To 

be included in their survey, a tool needs to be relevant to senior management, topical and measurable. By 

tracking the tools companies are using, under what circumstances and how satisfied managers are with the 

results, they have helped them make better choices in selecting, implementing and integrating the tools to 

improve their performance. With this, their 16th (in 2017) survey, they now have more than 14,700 respondents 

from more than 70 countries in North America, Europe, Asia, Africa, the Middle East and Latin America, and 

they can systematically trace the effectiveness of management tools over the years. As part of their survey, 

they also ask executives for their opinions on a range of important business issues. As a result, they can track 

and report on changing management priorities [1]. 

3. RESULTS OF THE SURVEY 

Chapter present most important findings of management tools application in the world and Olomouc Region 

of the Czech Republic. Results are characterized by Table 1 and Figure 1 (world) including linear regression 

and trends and Figure 2 (Industrial Companies in Olomouc region) - Pareto chart. 

3.1. Application of Management Tools in the World and its Trends  

Table 1 characterizes top ten of utilized management tools in the world companies in years 2006, 2010, 2012, 

2014 and 2019. 

There is well visible that some management tools lose their popularity (Business Process Reengineering, 

Scenario and Contingency Planning, Knowledge Management) while some gain popularity (Advanced 

Analytics, SCM, TQM, Digital Transformation) while still others stay in the top ten ladders for long period of 

time (Strategic Planning, CRM, Benchmarking, Mission and Vision Statement). 
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Table 1 Management Tools utilization in the world companies (own processing) 

Place 2006 2010 2012 2014 2019 

1 Strategic Planning Benchmarking Strategic Planning CRM Strategic Planning 

2 CRM Strategic Planning CRM Benchmarking CRM 

3 
Customer 

Segmentation 
Mission and Vision 

Statements 

Employee 
Engagement 

Surveys 

Employee 
Engagement 

Surveys 
Benchmarking 

4 Benchmarking CRM Benchmarking Strategic Planning 
Advanced 
Analytics 

5 
Mission and Vision 

Statements 
Outsourcing 

Balanced 
Scorecard 

Outsourcing 
Supply Chain 
Management 

6 
Core 

Competencies 
Balanced 
Scorecard 

Core 
Competencies 

Balanced 
Scorecard 

Customer 
Satisfaction 

7 Outsourcing 
Change 

Management 
Outsourcing 

Mission and Vision 
Statements 

Change 
Management 

8 
Business Process 

Reengineering 
Core 

Competencies 
Change 

Management 
Supply Chain 
Management 

TQM 

9 
Scenario and 
Contingency 

Planning 
Strategic Alliances 

Supply Chain 
Management 

Change 
Management 

Digital 
Transformation 

10 
Knowledge 

Management 
Customer 

Segmentation 
Mission and Vision 

Statements 
Customer 

Segmentation 
Mission and Vision 

Statements 

Figure 1 underlines findings from Table 1 with more illustrative way including linear trend lines with their 

equations and coefficients of reliability. X axe represents timeline, Y axe represents ranking of the 

management tool. Directions of linear trends characterize if popularity of the management tool increase 

(negative value), decrease (positive value) and how much (absolute value). Most promising is Supply Chain 

Management (-0.8158), CRM (-0.0843) and Benchmarking (-0.061) whose popularity grows in time. Mast 

falling in popularity are Mission and Vision Statement (0.5087) and Strategic Planning (0.0698). Most stable is 

Change Management (0.0093). There is necessary to mention, that linear trend is calculated only if at least 

three time-values are present. 

 

Figure 1 Management Tools in the World (own processing) 
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3.2. Application of Management Tools in the Industrial Companies in the Czech Republic, Olomouc 

region 

Following Figure 2 illustrates popularity of management tools in surveyed industrial companies group in 

Olomouc region of the Czech Republic in the year 2019. Utilization of 24 management tools were evaluated.  

Overall knowledge of management tools is very small. Only three management tools (strategic document, 

SWOT analysis and SMART principles) are recognized by more than 20 % of surveyed enterprises and seven 

(+ EVA indicator, Total Quality Management, Key Performance Indicators and Management by Objectives) 

over 10 % of enterprises. 

64 % of surveyed enterprises have prepared detailed or concise written strategic document (business plan). 

SWOT analysis recognized by 48 % of enterprises is long-term best-known strategic analytic technique and 

SMART principles (24 %) are related to setting of goals. Economic Value-Added indicator observe 14 % of 

enterprises and for Total Quality struggles also 14 % of enterprises. KPI and MBI are closely interconnected 

and are aimed by 12 % resp 10 % of enterprises. 

 

Figure 2 Management Tools in the Industrial Companies in the Czech Republic, Olomouc region, year 2019 
(own processing) 

4. DISCUSSION AND CONCLUSION 

We can say that the goal of the paper to analyze and describe recent application of management tools in the 

enterprises worldwide including their utilization and trend in timeline and compare it to situation in industrial 
companies in Olomouc region of the Czech Republic was fulfilled. The research questions were answered: 

1) Management tools in the top ten ladders are varying in time. Three management tools are in top ten 

2019 new, three management tools from top ten 2006 disappeared till the 2010 and more three 

disappeared till 2019. 

2) Four management tools however are stable in the top ten group for all 11 years. 

3) There are some similar results in application of management tools worldwide and in the Czech Republic 

related to two tools: Strategic planning, resp. strategic document as well as TQM are among the most 

popular worldwide and in the industrial companies in Olomouc region too. 
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The research goals were fulfilled with the data of primary research and BC. Most important added value of the 
paper is comparison of utilization of management tools in world and Olomouc region conditions and 
accentuation which management tools have increasing or decreasing tendency in time and which are most 
stable. The overall world winner of management tool stability is Mission and Vision Statement which endures 
since 1993 however its trend in popularity is weakening. World and regional star is Strategic Document/ 
Planning. Both tools are closely interconnected. 

The sample and data of BC research are comprehensive reliable and huge. In other hand the Olomouc region 
sample is focused mainly on micro and small industrial enterprises. Future research could be aimed more to 
bigger industrial companies in the whole Czech Republic. 
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